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Modélisation de la précipitation avec PHREEQC . . . . . . . . . . . . . . . . . . . . . . . . 163
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V.4 Caractérisation du colmatage biologique 169
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General Introduction:

Problems of overexploitation of water resources and their pollution increases every year around

the world. In addition, water withdrawals for agriculture are becoming more and more important with

the increasing demand for food. Today, irrigation uses 70% of the world’s water resources. Faced with

the problem of water resource rarefaction, especially in arid and semi-arid countries, reuse of treated

wastewater for irrigation appears to be an efficient solution. Problems related to water shortage are lim-

ited and the crop yield is improved due to the fertilizer potential of this resource. Indeed, the treated

wastewaters are rich in nutrients (nitrogen, phosphorus and potassium). Therefore, their use can reduce

fertilizer inputs while increasing crop yield.

Among several irrigation techniques for the reuse of treated wastewater, micro-irrigation is the

most efficient and safest. It consists of bringing irrigation water to the bottom of the crops. This

technique allows achievement of water savings by reducing the losses by infiltration and evaporation.

Micro-irrigation also reduces the health risks associated with the use of treated wastewater by limiting

the contact of farmers and crops with irrigation water. However, clogging of drippers is a common

problem in drip irrigation. It causes a dysfunction of the irrigation system as the uniformity of the dis-

tribution progressively decreases. This results in reduced crop yield and damage to irrigation systems.

The clogging of micro-irrigation devices can be traced to (i) accumulation of particulate matter due to the

presence of suspended solids (physical clogging), (ii) precipitation of soluble salts present at a concentra-

tion above saturation (chemical clogging) and (iii) biofilm development (biological clogging) (Dosoretz

et al., 2011[85]). These phenomena are interlinked and are observed in all the components of micro-

irrigation systems (pipes, drippers, etc.). The small section of the drippers (on the order of millimeters)

makes them more vulnerable to clogging. The clogging of localized irrigation drippers is of concern

to farmers and often justifies the use of treatment procedures. Mineral particles more than 80 µm are

retained by filtration. The chemical elements are removed using acidic solutions. Chlorination treatment

is often used to control the development of biofilm in irrigation systems, but its effectiveness remains

limited (Levy et al., 2011[168]).
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Many researchers have investigated dripper clogging by biofilm development in an experimen-

tal context using treated wastewater (Karaca and Uçan, 2013[146], Tarchitzky et al., 2013[271]). Other

works have focused more on the influence of hydrodynamic conditions in the pipes and drippers on the

development of these associations of microorganisms. However no studies have focused on chemical

clogging and the possibility of modeling salt precipitation and the interaction between chemical precipi-

tation and biofilm development inside pipes and drippers.

We suggest in this work that has been done within IRSTEA (Institut national de Recherche en

Sciences et Technologies pour l’Environnement et l’Agriculture, UMR G-eau) and M2P2 (Mécanique,

Modélisation et Procédés Propres, AMU-CNRS) laboratory to study the mechanisms of chemical and

biological clogging, and their interactions in micro-irrigation.

The main objective of this thesis is to introduce new elements on the clogging of drippers and

fouling of pipes done at laboratory scale under well-controlled conditions in the context of the reuse of

wastewater in irrigation. In order to acheive this objectif, this research is divided into three parts.

In the first part of the study, we will explore an experimental set-up composed of batch reac-

tors which allows us to follow the chemical precipitation while mastering the operating conditions.

The experimental results allowed us to validate and calibrate the modeling of the precipitation under

PHREEQC’s software. This numerical model allows prediction and quantification of chemical precipi-

tation for a given water quality under various operating conditions of pH, temperature and CO2 partial

pressure.

In the second part, an analysis of the effect of the shear stresses on the biofilm development

will be carried out using a Taylor-Couette reactor (TCR). The TCR is a good method for developing the

biofilm under particular hydrodynamic conditions which in this study will be similar to those encoun-

tered in irrigation.

In the third part, we will study the development of biofilm with and without calcium carbon-

ate. To do this, an irrigation set-up was implemented and a follow-up of the clogging of drippers and

pipes was done. The results will show the interaction between biofilm development and calcium carbon-

ate precipitation.
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The plan of the manuscript is therefore sorted in the following way:

In Chapter I, we will present the state of art of the study context concerning water reuse in irrigation

as well as the works done on biofilm development (parameters influencing its development, etc.), chem-

ical precipitation and their interaction. In Chapter II, we will describe the experimental set-ups as well

as the protocols used. In Chapter III, we will discuss the experimental and numerical results on chemical

precipitation using treated wastewater. And in Chapter IV, we will discuss the biofilm development and

the interaction between biofilm and calcium carbonate.





Chapter I

Context and Objectives

22





Part I.1

Wastewater reuse in irrigation

I.1.1 Context and issues related to the reuse of treated wastewater

Mediterranean countries, developing countries and arid regions are particularly vulnerable to wa-

ter stress and suffer from most of the current global changes such as erosion of diversity, climate change,

population growth, industrialization and especially the increasing degradation of water resources (over-

exploitation, pollution, salinization, etc.). A continuation of the development trend will lead to a 55%

increase of global water demand by 2050 (WRG, 2009[1]; UNWWAP, 2015 1). By 2025, 1.8 billion peo-

ple will live in countries or regions where water availability is less than 100 m3/ capita / year according

to the International Water Management Institute (IWMI). As a result, humanity is facing a multitude of

water-related problems and major improvements in water management strategies are indispensable for

a sustainable future (Bagatin et al., 2014[24]; Alnouri et al., 2015[13]). Water recycling and especially

wastewater reuse is becoming a critical element for managing our water resources for both environmental

and economic reasons. Another reason to reuse wastewater is that its volume is constantly increasing with

the expansion and intensification of urban planning. The U.S. Environmental Protection Agency (EPA)

defines wastewater reuse as, ”using wastewater or reclaimed water from one application for another ap-

plication. The deliberate use of reclaimed water or wastewater must be in compliance with applicable

rules for a beneficial purpose (landscape irrigation, agricultural irrigation, aesthetic uses, ground water

recharge, industrial uses, and fire protection). A common type of recycled water is water that has been

reclaimed from municipal wastewater (sewage).” Agriculture, especially crop production, is the sector

that consumes the biggest quantity of water. Water use for crop irrigation accounts for 70% and in some

cases 90% of the water needs in the world (Kalavrouziotis et al., 2011[145]; UNESCO 2003[280]). To
1http://www.unesco.org/fileadmin/MULTIMEDIA/HQ/SC/images/WWDR2015FactsF iguresENGweb.pdf

Accessed June 2017
.
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PART I.1. WASTEWATER REUSE IN IRRIGATION 25

reduce the pressure on freshwater resources and preserve them for the supply of drinking water, many

countries reuse treated wastewater for irrigation.

Figure I.1: Map showing areas of the world with water scarcity. Map by Mesfin M. Mekonnen and Arjen
Y, 2016[189], courtesy Science Advances. CC-BY-NC-4.0 (National Geographic, 15/02/2016)

I.1.2 Worldwide application of wastewater in irrigation

Irrigation with wastewater even with no treatment or just primary treatment is a common practice

in developing countries like China, India, Mexico, etc. due to high treatment costs (Lazarova and Bahri,

2005[165]). In water scare regions of developed countries such as Australia, the Middle East, and coastal

or inland areas of France and Italy, treated wastewater is used for irrigation (IWMI, 2007[138]). In Spain,

408 million m3 of treated wastewater is reused; In Italy, ambitious projects are being created (22,000 ha

of vegetable crops are irrigated with treated wastewater from a sewage treatment plant with a capacity of

more than one million inhabitants). Cyprus has the most ambitious objective: to reuse 100% of treated

wastewater (Lazarova and Brissaud, 2007[166]).

For this reason, the selection of appropriate wastewater treatment at an affordable cost and adapted

irrigation practices are the two main necessary measures to protect public health and prevent harmful

conditions and damage to crops, soil and groundwater. Various reclamation technologies can be used to

treat wastewater prior to irrigation, such as lagoon ponds, constructed wetlands, conventional wastew-

ater treatment plants, membrane bioreactors, membrane filtration and others. However, these methods

generally need large land areas and involve high investment costs (Norton-Brandao et al., 2013[214]).

More details are found in paragraph I.1.5 for the benefits and the disadvantages of the reuse of treated

wastewater for irrigation.
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I.1.3 Wastewater

Wastewater is all waters entering sewage pipes whose natural properties are transformed by do-

mestic uses, industrial, agricultural and other enterprises. Rainwater that flows into these pipelines is

also included (Bliefert and Perraud, 2001[36]). There are several categories of pollutants:

- Particulate pollution, which refers to biodegradable and non-biodegradable mineral suspensions

(MS or SS for suspended solids) or organic (VS for volatile solids).

- Organic pollution which includes biodegradable materials (BOD5), non-biodegradable materials,

toxic substances, inhibitory material, dissolved and particulate matter.

- Nitrogen pollution consists of nitrogen in reduced form (organic nitrogen, ammoniacal nitrogen

(NTK = nitrogen Kjeldahl)) or oxidized (nitrite (NO2
– ), nitrate (NO3

– )).

- Phosphorus pollution composed of mineral phosphorus (including PO4
3 – ) and organic phospho-

rus.

- Microbiological pollution consisting of bacteria, viruses, protozoa and fungi.

For wastewater reuse and even for a rejection in nature, treatment series must be made. The concentra-

tions of the input elements of the treatment plant are variable and depend on the size of the agglomer-

ations and the origin of these waters. Table I.1 shows the flow of pollutants released per inhabitant per

day according to the decree of 10/12/1991.

Table I.1: Flow of pollutants released per inhabitant per day for a volume of 150 liters of water.

SS COD COD BOD5 NTK P
Flow per capita / day for a vol-
ume of 150 liters of water

90g 100-130 g O2 60g O2 13-15g N 4g P

I.1.4 Water treatment in a Wastewater Treatment Plant (WWTP)

Developed countries have generated techniques and guidelines for safe reuse of wastewater in

irrigation for the purposes of health and environment. Water treatment represents a technological and

economic challenge with the common goal of preserving biodiversity and protecting water resources.

Depending on the degree of elimination of pollution and the processes implemented, several treatment

levels are generally defined: pretreatment, primary treatment and secondary treatment. In some cases,

tertiary treatment is applied, particularly when treated water must be disposed of in particularly sensitive
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areas. There are also extensive treatments known as lagoons, which combine biological, physical and

natural. Table I.2 shows the different stages of water treatment in a WWTP from pretreatment to tertiary

treatment.

Table I.2: Different stages of water treatment in a WWTP from pretreatment to tertiary treatment.

Treatments Objectives

Pretreatment:

-Screening

-Degreasing 

-Degritting

-Shredding

Removal of:

-Particles larger than 2 mm

-Grease

-Sand

Reduction in amount of waste

Primary treatment:

-Primary decantation

-Primary decantation with the addition of 

reagent

Elimination of particulate pollution

Efficiency: SS: 50-60%; COD and BOD5: 25-

35%; NTK and P: < 10%

Efficiency: SS: 90%; COD and BOD5: 60-70%; 

NTK: < 10% ; P: 80%

Secondary treatment:

-Suspended bacteria treatment processes

-Fixed bacteria treatment processes

Elimination of biodegradable pollution

Dissolved and particulate COD, BOD5, N and P

Tertiary treatment:

-Refining treatment

-Disinfection

Improvement of quality of treated water on the 

parameters SS, COD, BOD5, N and P.

Abatement of pathogenic germs

According to French regulations, the discharge levels of urban effluents into non sensitive zones

for WWTPs treating a gross load < 120kg BOD5 / day (< 2000 inhabitant equivalents “IE”) and

> 120kg BOD5 / day (> 2000 inhabitant equivalents “IE”) are presented in Table I.3 (decree of 22

June 2007).

Table I.3: Values to respect for urban effluents discharges into non-sensitive areas.

Parameter BOD5 COD SS P

Concentration to not 

exceed or minimum 

efficiency to be 

reached (<2000 IE)

35 mg/L

60%

-

60%

-

60%

< 1 or 2 mg P/L

Concentration to not 

exceed or minimum 

efficiency to be 

reached (>2000 IE)

25 mg/L

70% (120 < load < 600 

kg/day)

80% (load > 600 kg/day)

125 mg/L

75%

35 mg/L

90%

< 1 or 2 mg P/L
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I.1.5 Beneficial and negative impacts of the reuse of treated wastewater

for agricultural irrigation

The reuse of wastewater in irrigation results in both positive and negative impacts on soil, crops

and health. This practice can benefit soil and farmers, while at the same time posing a risk of contami-

nation to the ecosystem.

I.1.5.1 Benefits of wastewater reuse

The use of treated wastewater in irrigation can positively influence crop production and improve

physico-chemical characteristics of soil (Kiziloglu et al., 2007[155]). The presence of nitrogen, phos-

phorus, organic matter, and other trace elements in the water provides a good source of nutrients for

the growth, yield and quality of crops, minimizes soil degradation, improves fertility and restores the

nutrient contents of soil (Benitez et al., 2001[33]; Plauborg et al., 2010[232]; Abusam and Al-Anzi,

2011[3]; Khurana and Singh, 2012[154]; Christou et al., 2014[63]; Almuktar et al., 2015[11]; Almuk-

tar and Scholz, 2016[12]). The extra supply of organic carbon or the addition of micro-organisms via

wastewater increases the soil microbial activity. This increase in microbial activity of the soil brings

benefits to both agriculture and the development of flora and fauna in the soil ecosystem (Friedel et al.,

2000[106]). Wastewater reuse can also have an economic benefit since it has limited costs compared to

other techniques developed to obtain fresh water. Production of treated wastewater may cost less than the

supply of deep groundwater, water import and desalination (Veolia, 2006[283]). A cost-benefit analysis

was done in 2014 on treated wastewater reuse by IRSTEA for ONEMA. One focus was the sport of

golf in the city of Sainte Maxime, France. Golf consumes 12% of total water volume issued in Sainte

Maxime. Using treated wastewater instead of drinking water, golf has an additional cost of 2 million e

for the new watering system but it is largely offset by the 5.9 millione of savings in terms of re-grassing,

fertilizer and especially water purchase (Loubier and Declercq, 2014[182]).

I.1.5.2 Negative impacts of wastewater reuse in agriculture

The main downside of reusing treated wastewater in agriculture is the pollution of soil, the po-

tential contamination of crops (Khan et al., 2008[153]) and water sources (Batarseh et al., 2011[28]).

Municipal wastewater contains a huge quantity and variety of pathogenic agents, such as bacteria, pro-

tozoa and viruses. The study of microbial contamination is focused on the pollution of crops rather than

the soils receiving wastewater. This is because a greater number of people are exposed to pathogenic
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microorganisms through consumption of contaminated crops. It also has a significant risk of helminth,

bacterial/viral and protozoan infections for farm workers and their families, causing diarrhea and hook-

worm disease (Blumenthal and Peasey, 2002[38]). Crops are polluted by direct contact with wastewater

during irrigation. Pollution of the edible parts of plants depends not only on the quality of water, but also

on the quantity applied to soil, the irrigation method and the type of crop. Other risk factors have only

measurable effects over longer periods and increase with the continued use of wastewater, such as the

salinity of the soil (Levy et al., 2011[168]; Muyen et al., 2011[203]), the accumulation of toxic chemicals

(Kukul et al., 2007[160]) heavy metals and organic compounds (Mapanda et al., 2005[186]; Rattan et al.,

2005[239]) . Different levels of risk are perceived for different heavy metals. While some of them are

nutrients for plants at trace concentrations (Cu, Fe, Mn, Mo, Zn, Ni) others have been shown to produce

harmful effects on exposed organisms or are absorbed by plants and accumulated through the food web

(Cr, As, Pb, Hg, Al, Cd). Pollution of soil by organic polluants (pesticides, polyaromatic hydrocarbons,

organochlorides, paraffin, organic solvents, etc.) can have different effects in soil organisms depending

on the compound. For example some antibiotics (chlortetracycline, etc.) can decrease crop growth and

inhibit the microbial activity of the soil. Figure I.2 shows the 20 countries with the highest use of un-

treated wastewater for agricultural irrigation. China is the country with the highest volume of untreated

wastewater in agriculture (Jimenez et al., 2008[139]), followed by Mexico then the United States. We

can also see in this figure sites where monitoring studies are aimed at determining the occurrence of

organic pollutants in soils after irrigation with wastewater.

Figure I.2: Monitoring studies for pollutants of emerging concern in wastewater irrigated soils through-
out the world and comparison with the 20 countries using the largest volumes of raw wastewater for
agricultural irrigation(Duràn–Àlvarez and Jiménez–Cisneros, 2014 [90]).
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Irrigation generalities

I.2.1 Irrigation systems

Irrigation systems are generally classified into two categories: gravity irrigation systems and pres-

surized irrigation systems (sprinkler and drip irrigation).

All irrigation techniques can be used to distribute treated effluent. The choice of irrigation tech-

nique for reuse of treated water essentially depends on several parameters such as performance potential,

cost, health impact, technical constraints and efficiency of irrigation.

Irrigation efficiency can refer to the uptake of water in the root zone of a plant but can also refer

to how much water is lost when it flows (Van der Kooij et al., 2013[281]). A scheme irrigation efficiency

of 50− 60% is good; 40% is reasonable, while a scheme irrigation efficiency of 20− 30% is poor (FAO

Annex: Irrigation efficiencies, 1989). It can be calculated using the following formula:

ie =
ce× ae

100
(I.1)

with

ie : scheme irrigation efficiency (%)

ce : conveyance efficiency (%)

ae : field application efficiency (%)

Field application efficiency (ae) mainly depends on the irrigation method and the level of farmer

discipline. Conveyance efficiency (ce) mainly depends on the length of the canals, the soil type or

permeability of the canal banks and the condition of the canals.

30
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I.2.1.1 Surface irrigation

Surface irrigation, also called gravity irrigation (figure I.3), is the oldest technique and the one

most used in the world. It concerns around 80% of the world’s irrigated area (Pereira et al., 2006[223]).

The water is distributed by gravity through a network of channels in the open air from which it infiltrates

the ground. The distribution of water is ensured by the topography and infiltration properties of the

soil. This technique has low investment costs, very low energy consumption and good adaptation to the

distribution of sewage (limitation of the risks of contact by projection, no clogging of irrigation systems).

However, it is characterized by low field application efficiency (50% as a world average) and high water

losses which make this technique inappropriate in a context of water stress. To avoid these losses and in

order to improve the uniformity of distribution, it is recommended to use sprinkler irrigation or micro-

irrigation.

Figure I.3: Surface irrigation ( c©2010 Cornell University)
https://nrcca.cals.cornell.edu/soil/CA3/CA0324.php

I.2.1.2 Sprinkler irrigation

Sprinkler irrigation (Figure I.4) refers to techniques designed to artificially reproduce natural rain-

fall. After pumping, water is sprayed into the air by sprinklers in the form of a jet and distributed on

agricultural plots. The pressure requirements at the inlet of the system consist specially on the sprinkler

operating pressure which varies between 1.5 and 5.5 bar. Various devices are used for this type of irriga-

tion including the reels system, full coverage sprinkler and center pivot or linear irrigation.

This technique is characterized by greater efficiency than surface irrigation, varying between

75 and 95% (Compaoré, 2006[65]). It requires significantly higher energy consumption and techni-

cal skills by the irrigators. In addition, the wind influences the uniformity of water distribution in the

plot (Stevenin, 2016[261]).

https://nrcca.cals.cornell.edu/soil/CA3/CA0324.php
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Figure I.4: Sprinkler irrigation (Stevenin 2012[260])

The use of this technique with inadequately treated sewage must be restricted so as to limit

drift and aerosols that represent a health risk. Indeed, the aerosols formed by the sprinklers can carry

pathogens depending on the speed and wind direction when the water quality is not properly followed.

The dispersion of the jets in the atmosphere has been studied by Molle et al., (2012 a)[194]. This study

recommended practices adapted to the use of treated wastewater in spray irrigation (restricted access to

the land during irrigation, monitoring the wind, selection of sprinklers and operating pressure, etc.) in

order to limit the possible drift of aerosols and associated risks of health pollution. Clogging problems

at sprinkler emission holes may occur with the use of highly mineralized waters. This risk is lower and

easier to observe in sprinkler irrigation than in micro-irrigation.

I.2.1.3 Micro-irrigation

Micro-irrigation, also known as drip irrigation is an irrigation technique characterized by low,

frequent and localized water supplies near the crops in the form of drops (Figure I.5). This irrigation

method is fundamentally different from those seeking to cover a surface (surface or sprinkler irrigation),

and consists of bringing water to plants in small amounts once or several times a day. Water diffuses

radially under the effect of capillary forces and vertically under the effect of gravity, in a limited volume

of soil in the vicinity of the roots, where the plant draws.

Figure I.5: Micro-irrigation (http://www.sandeepdripirrigation.com/drip-irrigation-system.html)

http://www.sandeepdripirrigation.com/drip-irrigation-system.html
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Transport and distribution of water are provided either by a single element for irrigation conduits

where drippers are integrated (Figure I.6.a) or by two separate elements (conduits and drippers) in the

case of using drippers (Figure I.6.b). The material generally used for such pipes is polyethylene.

I.6.a: I.6.b: I.6.c:

Figure I.6: (a) Micro-irrigation with integrated dripper, (b) Micro-irrigation with on-line dripper, (c)
Labyrinth of a dripper taken with binocular microscope (source: PReSTI).

Drippers have a low flow rate between 0.5 and 8 `/h under a pressure of 0.5 to 4 bar, depending

if we have pressure compensating dripper (PC) or non-pressure compensating (NPC) (see section I.2.3).

Through the dripper, water follows a complex and more or less long path (0.1 to 1 m), which induces

a release of pressure. This pressure drop is generated by the friction of the water along the walls in the

case of capillary dripper (uniform circuit), flow regulation is therefore proportional to the length of the

capillary and to its inner diameter which is constant. In non-uniform circuit drippers (called baffles or

labyrinth) (Figure I.6.c), sudden changes in the direction of water cause turbulence. This effect, added to

friction along the walls, can cause pressure drop (Bounoua, 2010[40]).

Compared to other techniques of irrigation, micro-irrigation contributes to realizing water savings

by reducing losses which is a real advantage for the development of irrigated agriculture in arid or semi-

arid areas. These systems allow delivery with measuring the exact amount of water necessary for the

crops, and their efficiency varies between 95% (new, well maintained) and 70% (Compaoré, 2006[65]).

Drip-irrigation appears to be the most suitable technique for irrigation with wastewater since it reduces

health risks by avoiding pathogen-dispersion problems by aerosols and minimizes contact of farmers

and crops with water (Xanthoulis, 2006[299]). Fertilizers can also be associated with water delivery to

improve crop yields through fertigation.

However, the high cost of installation and the drippers’ sensitivity to clogging are the main disad-

vantages of using this type of irrigation. Clogging may involve different forms of organic and inorganic

suspended materials due to the low section of water passage (on the order of mm2). Moreover, in arid

areas limiting watering can lead to salinity problems difficult to solve without the possibility of leaching

by rain. Standards of wastewater used in irrigation are provided in Annex A.1.
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Table I.4: Comparison of different irrigation techniques for use with treated wastewater

Irrigation Techniques Advantages Disadvantages
Surface irrigation - Low investment costs - Low efficiency

- Low energy consumption - High water losses
- No projection risks - Reduced automation

Sprinkler irrigation - Better efficiency - Average investment cost
- Robustness - Energy dependence
- Average distribution rate (5 to 20
mm/h)

- Aerosols

- Automation
Micro-irrigation - Reduced water losses - High investment cost

- No germs-dispersion problems due
to aerosol

- Distributors sensitivity to clogging
inducing low uniformity before clog-
ging

- Easy automation

I.2.2 Clogging problems in micro-irrigation systems

The clogging of drippers in drip irrigation systems is the major cause of reduced performance at

plot level (reduction in flow rate, poor distribution of water) (Pitts et al., 1990[230]) and thus determines

the life duration of the distribution system. Clogging can be physical (accumulation of suspended solids),

organic (growth of algae and biofilm) and / or chemical (precipitation of chemical elements) and can be

observed simultaneously. The clogging of drippers is often caused by a combination of different factors

depending on the physicochemical quality of irrigation water, the hydrodynamic conditions, etc. where

interactions between different factors play a major role.

I.2.2.1 Physical clogging

Physical clogging (or mineral clogging) is caused by suspended mineral particles in the water.

It consists of sand particles, silts and clays ranging in diameter between 2 and 200 µm. The elements

below 80 µm are not retained by the filters used in micro-irrigation.

They can act on the obstruction of the drippers in two different ways:

• Obstruction: when particle or aggregate dimensions are greater than the water section passage of

the dripper (case of sand particles).

• Slow clogging or silting: When finer particles gradually settle in places where the water flow rate

is low (Xanthoulis, 2006[299]). This attachment point serves as support for the next particles and

disturbs the flow within the dripper. Deposits are located either in the labyrinth, or at the level of



PART I.2. IRRIGATION GENERALITIES 35

the input grid designed to prevent large particles from entering the labyrinth (Figure I.7).

Furthermore, clay particles (less than 2 µm in diameter) can aggregate downstream of the filtering system

and cause clogging (Pitts et al., 1990[230]; Bounoua, 2010[40]).

Figure I.7: Physical clogging observed in the labyrinth (Bounoua, 2010[40])

I.2.2.2 Chemical clogging

Clogging of drippers can also be caused by the chemical elements contained in the water (Fig-

ure I.8). These chemical elements can be inorganic solutes as well as acids along with hydroxides of

calcium, magnesium, sodium and potassium (Ricci, 1952[243]). The main inorganic solutes are car-

bonates, bicarbonates, sulphates and chlorides of calcium, magnesium, sodium and potassium (Kemp,

1970[149]). For acids, the most important parameter is carbonic acid, but we can also have sulfuric and

hydrochloric acids (Ricci, 1952[243]). These solutes are present in dissolved form and can precipitate

as a result of reactions that can be generated by a change of temperature or pH (Xanthoulis, 2006[299]).

The pH change is due to the behavior of the carbon system which is intimately involved in the control of

pH as well as in the control of the precipitation of chemical elements. Temperature is also an important

factor (MacAdam and Parsons, 2004[183]; Muryanto et al., 2014[202]). Lamm et al., 2007[162] have

indicated that the solubility of calcium carbonate (CaCO3) is related to the temperature and decreases as

the temperature increases.

Figure I.8: Chemical clogging observed at the output of a conduct orifice (example of clogging by pre-
cipitation of CaCO3) (source: PReSTI)
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The most commonly encountered precipitates in irrigation equipment are calcium and magnesium

carbonates, phosphates, sulfates, and ion precipitates in the ferric form (Nakayama et Bucks, 1986[206];

Hills and al., 1989[128]; Burt and Styles, 1994[48]; Burt et al., 1995[49]; Levy et al., 2011[168]).

Calcium carbonate is well recognized as the major element in the chemical clogging of irrigation systems

(Schwankel and Prichard, 1990[252]). In general, the contact of water which is rich in carbon dioxide and

calcium with the open air, in case of open channel and storage, causes an increase in pH due to the loss of

carbon dioxide which induces the precipitation of calcium carbonate (Gal et al., 2002[110]). Fertigation

(distribution via irrigation of nutrients such as phosphorus-containing compounds, liquid ammonia, some

trace elements [zinc, copper, manganese]) favor the precipitation of solutes (Pitts et al., 1990[230]) and

accelerate the precipitation process, resulting in clogging.

I.2.2.3 Biological clogging

Biological clogging is driven by two types of organic matter:

- Inert or degraded organic material (grass, leaves, other microorganisms, etc.)

- Living organic matter that is formed by algae spores, algae themselves, colonies of bacteria as

well as fungi or even microscopic shells that grow in the pipes where they find nutrients needed

for growth.

The growth of algae requires light, which means it takes place mainly at the output of the orifices (Figure

I.9.a). Biofilms generally grow on the walls of pipes and labyrinth drippers (Figure I.9.b).

I.9.a: I.9.b:

Figure I.9: biological clogging (a) by algae at the output of the orifice of the dripper (b) by biofilm in the
labyrinth of drippers (source: PReSTI).

According to Magesan et al., (2000)[184], the increase of C/N ratio in wastewater is the cause of

this phenomenon as it promotes increased microbial biomass and nematode population. However, these
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same authors state that biological clogging occurs only in the case of C/N > 50, whereas the majority

of domestic treated wastewater has a C/N ratio of about 2.5.

Biofilm development in irrigation systems is a serious source of clogging. Indeed, its presence

enhances the adhesion of physical and chemical deposits such as calcium carbonate or particles that are

suspended in the irrigation water (Gilbert et al., 1981[118]; Adin and Sacks, 1991[7]) which accentuates

the clogging of irrigation systems. In addition, the precipitation and dissolution of minerals can be used

for bacterial growth by significantly modifying the porous media (Perez-Paricio, 2000[224]).

Also, the practice of fertigation (input of nutrient through the drip irrigation system) can con-

tribute to clogging by promoting the development of some microorganisms due to an additional intake

of nutrient.

I.2.3 Types of drippers

Drippers are classified according to their incorporation in the lateral (point source and line source

drippers), flow rate (PC and NPC drippers), form of pressure dissipation, and construction (long-path,

tortuous path, short-path, orifice and vortex drippers) (Keller and Bliesner, 1990[150]; Enciso et al.,

2005[95]). A basic component of dripper characteristics is the sensitivity of their flow to pressure

changes. Water pressure is measured in bars, and most are designed to work best at 1.5 to 2.0 bars

of pressure. There are two basic categories of drippers: Self-regulating or PC for pressure compensating

and not self-regulating or NPC for non-pressure compensating.

Pressure compensating drippers or PC are designed to discharge water at a very uniform rate un-

der a wide range of water pressures (same flow at 3.0 bars as at 1.0 bar). The pressure head exponent

(Eq.I.3) must be less than 0.2 and close to 0. The flow rate is obtained by a diaphragm which, depending

on the pressure, deforms and closes more or less the water passage orifice (Tiercelin, 1998[275]).

Non-pressure compensating drippers or NPC are also designed to discharge water at a uniform

rate, but the water pressure needs to remain relatively constant or the discharge will vary (Stryker,

2001[265]). Depending on the flow inside the dripper, the value of x (Eq.I.3) should approach 0.5

(Cuenca, 1989[72]).

The relationship between the discharge and pressure can be described in the following equation

(Karmeli, 1977[143]):

q = KdH
x (I.2)

where q is the dripper discharge; Kd is the constant of proportionality that characterizes each

dripper; H is the working pressure head at the dripper; and x is the dripper discharge exponent that is

resulting from the flow regime.
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To determine K and x, the discharges (q1, q2) at two different operating pressure heads (H1,H2)

must be known. The exponent x may be determined by measuring the slope of a log-plot of H versus q

that is,

x =
log q1

q2

logH1
H2

(I.3)

The value of x characterizes the flow regime and discharge versus pressure relationship of the dripper.

The lower the value of x, the less discharge will be affected by pressure variations (Figure I.10). In fully

turbulent flow, x = 0.5 and in laminar flow, x = 1.0. Non-compensating orifice and nozzle drippers are

always fully turbulent with x = 0.5, and x is effectively zero for fully pressure compensating drippers.

However, the exponent of long-path drippers may range anywhere between 0.5 and 1.0.

Figure I.10: Discharge variations resulting from pressure changes for dripper having different discharge
exponents (Karmeli, 1977[143]).

The calculation of this curve is used to define the sensitivity of variation of the flow to pressure

variations. This relationship intervenes in the calculation of maximum ramp length. According to the

parameter x, the same pressure change will not result in the same flow change.

In this work, the NPC dripper will be used because it is the most commercialized and widely used

in agricultural irrigation.

I.2.4 Hydrodynamics and flow behavior of drippers

In order to understand the fouling phenomena, various studies have focused on analyzing ex-

perimentally and numerically the flow along the dripper channel. Modeling works helped to further



PART I.2. IRRIGATION GENERALITIES 39

characterize the hydrodynamics of these drippers and flow within the labyrinth and to estimate the ve-

locity ranges and shear that may influence the agglomeration mechanisms. This data will be useful later

as shear stress is a parameter that influences the growth and fragmentation of aggregates. Wei et al.,

(2006)[288] used the method of computational fluid dynamics (CFD) to calculate the distribution of

pressure and velocity of the flow, and to calculate the relationship between pressure and discharge rate

for channels with three different shapes: triangular, rectangular, and trapezoidal (Figure I.11). According

to CFD simulations, the changes in pressure gradients occur mainly at the corner of the channels in each

of the three labyrinth channels.

I.11.a: I.11.b: I.11.c:

Figure I.11: Pressure (mH2O) distributions of the flow in partial channels in rectangular (A), trapezoidal
(B) and triangular (C) shaped channels (Wei et al., 2006[288]).

When the flow arrives at the corner, the change in the direction of flow results in a large loss of

local pressure, which is the main cause of hydraulic energy dissipation. Therefore, the pressure loss at

the corner of the channel will finally determine the degree of hydraulic energy dissipation. The more the

pressure varies, the greater the pressure loss will be. The pressure loss in the triangular dripper channels

is higher than in trapezoidal drippers which, in turn, is higher than in rectangular drippers (Wei et al.,

2006[288]). Consequently, a greater dissipation per unit length occurs in the triangular channel than in

the rectangular or trapezoidal channels. In a labyrinth, the flow is divided into two parts: a main flow

with a high velocity (red, orange and yellow colors) and a recirculation zone with a low velocity (blue

color) (Figure I.12).
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I.12.a: I.12.b: I.12.c:

Figure I.12: Velocity (m/s) distributions of the flow in partial channels in rectangular (A), trapezoidal
(B) and triangular (C) shaped channels (Wei et al., 2006[288]).

The distributions of the velocities on the x–y plane shown in Figure I.12 clearly present the flow

state of the water in the three channels. The shapes of the flow in the three channels present the same

behavior. An obvious turning appears at the corner of the channel, which makes the flow move along

an S-shaped path. In addition, some obvious swirl zones appear in the channels. These swirl zones will

increase the dissipation of kinetic energy. The kinetic energy of the flow directly affects the efficiency of

hydraulic energy dissipation, and the velocity of the flow along the length direction determines the dis-

charge. Consequently, comparing the distributions of velocity along the flow path in the three channels,

the rectangular channel has the highest discharge rate per unit of pressure.

I.2.5 Parameters influencing clogging in micro-irrigation

Dripper clogging has become the key obstacle to the development of drip irrigation technology.

Several factors can influence the clogging of drippers, like hydraulic behavior which is affected by drip-

per channel structure (Adin Sacks, 1991[7]; Taylor et al., 1995[273]) and water quality especially when

using effluents (Bucks et al., 1979[45]; Adin Sacks, 1987[5]; Ravina et al., 1992[240]; Nakayama et al.,

2007[208]). Other parameters found in the literature can affect the clogging of micro-irrigation systems;

we can cite the effect of flushing frequency (Lamm Camp, 2007[162]; Puig-Bargues et al., 2010[235]),

the location of drippers along the laterals (Capra Scicolone, 1998[52]; Duran-Ros et al., 2009[89]) and

the effect of chemical oxidants (Rav-acha et al., 1995[241]). In this work, we are especially interested in

studying water quality parameters and dripper hydraulic behavior effects on clogging.
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I.2.5.1 Geometry of drippers and hydraulic behavior

Dripper design can help preclude clogging. Pressure compensating drippers, integrated drippers

(El-Berry et al., 2003[92]), labyrinth drippers (Capra Scicolone, 2004[53]) and high flow drippers (Rav-

ina et al., 1992[240]) have been found to be the most resistant to clogging. Adin and Sacks, (1991)[7]

conducted farmland experiments to study the clogging problem of drippers in wastewater irrigation sys-

tems. They found that clogging was closely related to the channel structure and suggested that channel

design be improved. Shortening and widening the flow path, and rounding the straight edges on the

protruding teeth are possible solutions to reduce dripper clogging . Wu et al., (2004)[297] carried out an

investigation on the subsurface drip irrigation system which had been run for 8 years. They attributed

dripper clogging to the attached granules and suggested optimizing the channel structure to solve this

problem.

I.2.5.2 Water quality

Experiments were conducted with different qualities of treated wastewater to test the sensitiv-

ity of the different components of irrigation systems to clogging (Adin and Sacks, 1991[7]; Carpa and

Scicolone, 2004[53] and 2005[54]; Liu et al., 2009[177]). It has been demonstrated that biofilm devel-

opment and its role in dripper clogging is directly related to the quality of irrigation water. These waters

are rich in suspended solids, dissolved chemical elements and nutrients.

When such water is used in drip irrigation systems, there is a strong potential for biofilm devel-

opment. This phenomenon is observed primarily on filters, and then on drippers which will risk their

clogging (Gilbert et al., 1979[117]; Bucks and Nakayama, 1984[47]; Adin and Alon, 1986[4]; Adin et

al., 1989[6]). Clogging in irrigation systems is often worsened by water temperature changes because

the solubility of some components depends on it . Calcium, magnesium and carbonates precipitate in

pipes and drippers when temperature is high and pH is above 7.2. The solubility of CaCO3 is inversely

proportional to the temperature (Hills et al., 1989[128]). But if increasing temperature promotes precip-

itation, once the precipitate is formed, decreasing temperature does not dissolve the layer of CaCO3.

These precipitates due to calcium carbonate accumulate in the narrow path of drippers and ac-

celerate clogging. We should know that in surface irrigation systems, where pipes are black and are

directly exposed to the sun, water temperature can reach 50◦C in summer (Gamri et al., 2016[113]).

The formation of phosphate as a precipitate depends on several factors (Boman, 1990[39]) such as pH,

temperature and concentration. Ca2+ and PO4
3 – form several combinations; three of them (hypo-, meta-

and pyro-phosphate) are insoluble in water. Components that occur naturally as blushite (CaPO4,2 H2O)

and whitlockite (Ca3(PO4)2) see their solubility decrease with increasing pH (Bounoua, 2010[40]). For
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instance, these parameters can affect the growth of bacteria, which tends to increase the risk of clogging.

Nakayama and Bucks, (1980)[204] established a grid to link water quality and clogging risks:

Table I.5: The different parameters of dripper clogging and their degrees of risk. (Data compilation
from the following authors: Nakayama and Bucks, 1980[204]; Ayers and Westcot, 1985[22]; Pitts et al.,
1990[230]; Couture, 2004[71])

Degree of risk

Parameter Symbol Unit Low Average High

Suspended solids ppm < 50 50 - 100 > 100

pH pH 1 to 14 < 7.0 7.8 – 8.0 > 8.0

Conductivity ECw dS/m < 0.75 0.75 – 3.0 > 3.0

Total dissolved solids TDS mg/l < 500 500 – 2000 > 2000

Sodium Adsorption ratio SAR mg/l < 3 3 - 9 > 9

Residual Sodium Carbonate RSC mg/l < 1.24 1.25 – 2.5 > 2.5

Alkalinity mg/l < 120 120 – 200 > 200

Bacterial population ppm < 10000 10000 – 50000 > 50000

Bicarbonate HCO3
-

mg/l < 90 90 – 520 > 520

Chlorine Cl
-

mg/l < 142 142 – 355 > 355

Boron B mg/l < 0.5 0.5 – 2.0 > 2.0

Nitrate- Nitrogen NO3-N mg/l < 5 5 – 30 > 30

Iron Fe mg/l < 0.1 0.1 – 1.5 > 1.5

Hydrogen sulfide H2S mg/l < 0.2 0.2 – 2.0 > 2.0

Manganese Mn
2+

mg/l < 0.1 0.1 – 1.5 > 1.5

The earlier the clogging of drippers is detected, the easier it is to implement cleaning methods

such as acid or chlorine injection. To better understand the mechanisms of dripper clogging, it is re-

quired to monitor the evolution of the pressure and flow (in filters and dripper lines) and to study the

hydrodynamics of the drippers.





Part I.3

Biofilm

The most common mode of growth for microorganisms is in surface associated communities

called biofilms (Costerton, 1978[66]; Metcalf and Eddy, 1991[193]; Sutherland, 2001[268]; Stoodley et

al., 2002[264]; Syron and Casy, 2007[269]). Many types of microorganisms can be preset in wastew-

ater, and they have been identified as a major contributor to dripper clogging in drip irrigation systems

distributing reclaimed wastewater (Yan et al., 2009[301]).

I.3.1 Definition of Biofilm

Biofilms are an association of microorganisms adhering to each other, which grow on any solid-

liquid interface (cellular tissues, marine medium, water pipes, medical and industrial equipment, etc.)

(Donlan, 2002[83]; Costerton, 2004[69]). Contrary to what their name suggests, biofilms do not form

a continuous film of bacteria; their structure is indeed very complex and heterogeneous, and contains

microcolonies embedded in a polymeric extracellular matrix which they secrete (Characklis, 1973[58]).

Their composition and nature vary depending on the environment and the conditions under which they are

formed (Friese et al., 1997[107]; Eberl et al., 2000[91]). These aggregations of microorganisms are often

separated by channels and pores allowing water flow, ions and nutrients (Clutterbuck, 2007[64]). The

channels also serve to remove debris and metabolites (Fletcher, 1979[102]; Lewandowski, 2000[169];

Ivleva et al., 2010[137]). Figure I.13 shows some examples of biofilms observed with different micro-

scopic techniques. More details about the composition and structure of the biofilm are found in Annex

A.2.

44
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I.3.2 Advantages and disadvantage of biofilms development

Biofilms are commonly used for the treatment of wastewater in fixed cultures processes (Lazarova

and Manem, 1995[164]; Gebara, 1999[115]; Nicolella et al., 2000[211]). They play a major role as

bio-physico-chemical reactors in the environment. They are involved in controlling the organic matter

concentration and metal contaminants in natural and anthropogenic ecosystems (Battin et al., 2003[29];

Horn et al., 2003[131]; El Samrani et al., 2004[94]; Houhou et al., 2009[132]).

Figure I.13: Images of mixed strain biofilms using three different microscopic techniques. a) Phase
contrast micrograph, b) FISH/EPI-fluorescent micrograph, c) SEM image of 3D biofilm. (Andersson,
2009[15]).

The presence of biofilm is undesirable in certain applications where their development can lead

to technical, economic and / or health problems. In irrigation systems, biofilm development causes a

pressure loss in the pipes by increasing the water friction force (Picologlou et al., 1980[227]). In their

research, Li et al., (2012)[171] examined the development of biofilm in micro-irrigation system pipes

used with treated water from two different treatment processes. The detachments of biofilm fragments

from pipes are deposited in drippers’ labyrinths, causing their obstruction. These have low flow section

(to the millimeter) and are thus very susceptible to clogging (Gamri et al., 2013[111]). In addition, the

biofilm surface is highly adsorbent and the suspended elements in water (particles of clay, sand or other

elements) can easily adhere, resulting gradually in the total obstruction of the system (Gilbert et al.,

1981[118]).

I.3.3 The different stages of biofilm development

The development can be described by a series of steps influenced by various factors (see para-

graph I.3.4). The different steps have been extensively studied and defined (Characklis, 1981[59]; Van

Loosdrecht et al., 1989[179]; Costerton, 1999[68]; Gauthier, 2002[114]; Liu and Tay, 2002[176]). The

transport of bacteria to the wall, their adherence, their growth and maturation phases and their detachment
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phenomena are summarized in Figure I.14.

Figure I.14: Stages of biofilm development (1) initial attachment; (2) production of exopolysaccharide
(EPS) by bacteria; (3) replication of early colonizers; (4) maturation; (5) dispersion (Sehar and Naz,
2016[253]).

I.3.3.1 The transport of bacteria

The adhesion of bacteria to the surface requires a rapprochement which is provided by transporting

them from the fluid to the surface. In a hydrodynamic system, the transfer of bacteria to the surface will

be provided by both convection and diffusion (Rijnaarts, 1994[244]; Ginn et al., 2002[119]; Khalizadeh,

2009[152]). This transfer will be faster and influenced by the speed and the flow nature. In this case,

the higher is the fluid velocity the higher will be the transport by convection. The nutrient concentration

near the surface of the biofilm promotes its growth (Mueller, 1996[200]; Busscher and Van der Mei,

2006[50]).

I.3.3.2 Adhesion

The adsorption of an organic monolayer occurs several minutes after the contacting with the liq-

uid medium. The adhesion of bacteria to the support depends on the properties of the support (see

paragraph I.3.4.2) and on the bacteria cell wall properties (hydrophilic / hydrophobic character, charge,

physical and electrostatic forces and bonds (Van Loosdercht et al., 1987[178] and 1989[179]; Costerton,

1999[68]; Gauthier, 2002[114]) that vary depending on the bacterial species and environmental factors

(see paragraph I.3.4.1) (Characklis, 1981[59]; An and Friedman, 1997[14]; Beloin, 2008[31]). EPS

production (Skillman et al., 1999[257]) and the presence of attachment and motility proteins (Goller,

2008[122]) are important factors for bacterial adhesion. More details about EPS are found in Annex A.3.
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I.3.3.3 Growth phase and maturation

Once attached to the surface, the microorganisms begin to multiply and produce the necessary

exopolymers to form the skeleton of the biofilm (Costerton, 1999[68]; Gauthier, 2002[114]; Khalizadeh,

2009[152]). These EPS will form on the surface, and complexes will ensure the adsorption of other

bacteria which allows increasing the thickness of the biofilm. The biofilm begins to grow by division and

bacteria multiplication (Lazarova and Manem, 1995[164]; Costerton, 1999[68]; Andersson, 2009[15]).

At this stage, bacteria multiplication and biofilm growth are strongly linked to the environmental factors

(see paragraph I.3.4.1). The maximum thickness of the biofilm is reached during the maturation phase

(Clutterbuck, 2007[64]). This phase is characterized by an equilibrium which is created between the

biomass that grows in the presence of substrate (see paragraph I.3.4.1) and the one which is detached

from the biofilm through the action of the hydrodynamic forces (see paragraph I.3.4.1). The detached

cells are conveyed by the flow and can colonize the system again.

I.3.3.4 The detachment

When the biofilm reaches the stage of maturity, nutrients lack, biofilm age, the amount of biomass

fixed, physical, chemical, and biological stresses and hydrodynamic conditions plays a very important

role in the structure, density and thickness of the biofilm, and subsequently in its activity and the transfer

phenomena (Lazarova and Manem, 1995[164]; Wäsche et al., 2002[287]). These factors are respon-

sible for the biofilms detachment and re-dispersion into the environment (Abrahamson et al., 1996[2];

Andersson, 2009[15]; Mahfoud et al., 2009[185]) favoring the colonization of new ecological niches

and therefore the formation of other biofilms (Clutterbuck, 2007[64]). The detachment mechanisms de-

scribed in the literature are erosion, abrasion and sloughing. Erosion is a mechanism of detaching small

parts of the biofilm. It depends essentially on the increase of the shear stress (see paragraph I.3.4.1) and /

or the thickness of the biofilm results in an increase in erosion rates (Trulear and Characklis, 1982[278];

Telgmann et al., 2004[274]). Similarly, abrasion causes the detachment of small parts of the biofilm.

However, it is generated by the collision of solid particles with the biofilm (Gjaltema et al., 1997[120];

Derlon et al., 2008[78]). Unlike the first two mechanisms, sloughing causes the detachment of large

aggregates (Telgmann et al., 2004[274]) which increases the heterogeneity of the biofilm. The limita-

tions of nutrients and oxygen can be at the origin of this process (Applegate et al., 1991[20]; Hunt et al.,

2004[134]).
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I.3.4 Factors influencing the different stages of biofilm development in

micro-irrigation systems

I.3.4.1 Environmental factors

The formation and dispersion of a biofilm depends, according to bacteria, on different environ-

mental factors (temperature, pH, substrate availability, hydrodynamic conditions) (Fletcher, 1988[103];

Donlan, 2002[83]). Some bacteria can adapt to different environments by genetic modifications (Clut-

terbuck, 2007[64]). Others are influenced by stressful environmental conditions (high concentrations of

salts, high temperatures, extreme variations of pH) that decrease the potential of bacterial adhesion to

surfaces (Goller, 2008[122]).

a) Temperature Drip-irrigation is widely used in arid and semi-arid regions where the temperature is

generally very high especially during the day (Qin et al., 2005[236]; Verheye, 2009[284]). Measures car-

ried out in the irrigation material tests and research laboratory (Irstea Aix en Provence) have shown that

the water temperature can exceed 50◦C in polyethylene pipes during the summer period in the absence

of flow (Gamri, 2013[111]). Temperature strongly influences the development of biofilm as it affects the

metabolic and enzymatic activity of bacteria as well as their surface properties (Van Loosdrecht et al.,

1990[180]; Goller, 2008[122]).

In the work of Qian et al., (2017)[237], the effect of temperature was investigated on biofilm

formation in micro-irrigation devices. Two series of experiments were carried out, one at ambient tem-

perature and the second at daily temperature cycle. Daily temperature cycle was varied from 20 to 50◦C.

The increase in temperature had a negative impact on the biofilm, consequently greatly reducing its

development. Biofilm volumetric coverage for ambient temperature at day 30 of cultivation was 40%

versus 10% for the same time but under daily temperature variations. According to Pirt, (1985)[229] the

optimum temperature of 45◦C for the biofilm development should not be exceeded. When this temper-

ature is exceeded, enzymes can be deactivated and surface electrical properties changed (Rogers et al.,

1994[247]; Briandet et al., 1999[44]). This will reduce or delay the formation and the growth of biofilm

in pipes and drippers.

b) pH Many irrigation water sources are alkaline with pH values between 7.2 and 8.5 due to a high

content of calcium, magnesium and bicarbonates (hard waters) (Mengel, 1994[191]). At the same time,

phosphate and nitrogen addition by fertigation can lower the water pH to 6 - 6.5 (Imas and Cohen,

2009[136]). For this reason, pH variations can be observed and this may influence the adhesion of bac-
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teria to support (Gordon et al., 1981[123]). In response to a change in pH, microorganisms change their

metabolism (Yohannes et al., 2004[302]) as well as their surface properties (Briandet et al., 1999[44])

which induces variations in the electrostatic forces which are the origin of support adhesion. Chen et

al., (2005)[61] highlights the impact of pH medium changes on Pseudomonas fluorescens adhesion. The

growth of P. fluorescens biofilms is favored at pH = 7 with the establishment of a uniform and thick

biofilm. A thin and irregular biofilm is observed at pH = 5.5. Similarly, Stoodley et al., (1997)[262]

observed a more compact biofilm at pH 3 (69%) compared to pH = 10. This contraction of the biofilm

structure is related to the neutralization of the carboxylate groups of the EPS by protonation. This phe-

nomenon eliminates the electrostatic repulsion of these groups which modifies the structure of biofilms.

In addition, the microorganisms produce organic acids that alter the physicochemical conditions of the

medium (Chen et al., 2005[61]).

c) Substrate availability As seen in paragraph I.1.3 and in Table I.3, wastewaters and treated wastew-

aters contain nutrients that can be used as a substrate for biofilm development. The growth of biofilm

is influenced by the consumption of nutrients and the excretion of products. The necessary elements for

growth of micro-organisms are in the first place carbon, nitrogen and phosphorus. The ratio of C/N/P

on a chemicaL oxygen demand (COD) basis for optimal biofilms development is equal to 100/10/1 (Ku-

jundzic, 2007[159]).

The importance of substrate presence in the medium was demonstrated by Melo and Vieira,

1999[190]. They have observed that substrate removal leads to biofilm detachment while removing

bacteria does not disturb its stability. Substrate intakes especially in carbon influence the morphology,

the formation and the maturation of biofilms. At high concentrations, the specific growth rate (µ in

Eq.I.4) is independent of the concentration of nutrients, but at low concentrations the specific growth

rate is a strong function of the nutrient concentration. Such a relationship was predicted by Monod,

1940[197]; however, Monod’s equation does not predict the relationship over the entire range of nutrient

concentration:

µ =
µmaxS

KS + S
(I.4)

where µ is the specific growth rate (1/time), µmax is the maximum specific growth rate (1/time)

for the culture, S is the substrate concentration (mass/volume), and KS is the half-saturation constant

(mass/volume), also known as the affinity constant.

Winjeyekoon et al., (2004)[295] confirmed that a low concentration promotes a porous biofilm

with larger transfer phenomena but a high substrate concentration promotes the development of a com-

pact biofilm with low porosity. Chen et al., (2005)[61] demonstrated that P. fluorescens adhesion, in-
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creases with the concentration of glucose up to a limit of 30 mg/L at which point the adhesion is

reduced. Increasing the concentration of various cations (Na+, Ca2+, Fe3+, etc.) influences the attach-

ment of Pseudomonas fluorescens to glass surfaces, reducing the repulsive forces between the negatively

charged bacteria and the glass surfaces (Fletcher, 1988[103]).

d) Hydrodynamic conditions The hydrodynamic conditions, and mainly the flow velocity and the

forces that result strongly influence the structure and morphology of the biofilm, its activity (production

of exopolymer and metabolites) and the distribution of microcolonies (Costerton, 1999[68]; Stoodley et

al., 1999[263]; Busscher and Van der Mei, 2006[50]).

The hydrodynamic conditions are not the same in all the positions of a micro-irrigation system

which affects biofilm development. They are different, depending on whether it was at the labyrinth level

or in the central zone of the dripper or even inside the pipes.

In general, the liquid velocity at the solid-liquid interface is negligible, and a boundary layer is

formed. The thickness of this layer depends essentially on the linear velocity of the liquid. Thus, this

layer becomes thicker with low flow velocities and the adhesion of bacteria is slowed. However, higher

flow velocities amplify the phenomenon of adhesion, but excessively high speeds determine shear forces

on the biofilm which induce detachment of bacterial cells (Donlan, 2002[83]; Horn et al., 2003[131];

Busscher and Van der Mei, 2006[50]).

Chen et al., (2005)[61] observed that the adhesion strength of P. fluorescens biofilms increases

with the flow rates (0.6, 1 and 1.6 m/s) and that biofilms obtained at high speed are denser. The high

velocities also favor the production of EPS which promotes maintenance of the structure of biofilms. It

was also shown that the flow conditions and in particular the shear stress has an impact on biofilms’ bac-

terial composition. Rochex et al., (2008)[246] observed that increasing shear stress reduces the diversity

of bacterial communities that colonize surfaces. The work of Stoodley et al., (1999)[263] was carried out

to understand the behavior of a biofilm in response to shear stress. The results show that the thickness

of the biofilm can be significantly reduced following the application of a high shear stress. By varying

the shear stress from 0 to 10.11 Pa, corresponding to Reynolds numbers of 0 - 5328, the thickness of the

biofilm is reduced by 25% (51± 19 µm to 37± 12 µm), contributing to an increase of its density and a

decrease of its porosity. Thus, biofilms can adjust their internal structure to withstand the hydrodynamic

stresses.

Furthermore, a sudden increase in the flow rate can cause the detachment of a part or all of the

biofilm (Characklis, 1981[59]; Trulear and Characklis, 1982[278], Bakke, 1986[26]; Melo and Vieira,

1999[190]; and Telgmann et al., 2004[274]). The detachment is observed in the seconds following the

change in hydrodynamic conditions (Horn et al., 2003[131]). To characterize the detachment of biofilm,

Horn et al., (2003)[131] made measurements of the suspended material at the outlet of pipes in which
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the biofilm was developed and reached a thickness of 1000 microns. Increasing the flow rate from 0.6

to 1.2 m/s allows measuring a concentration at the outlet of pipes on the order of 900 mg/L within

seconds following the variation in the hydrodynamic conditions but no information is provided regard-

ing the size of the detached elements. Derlon et al., 2008[78] characterized the detachment of biofilm

developed under different conditions and subjected to shear stresses up to 13 Pa in a Couette reactor

and in a low shear stress reactor (LSSR). Biofilms were characterized in terms of attached volatile solids

per support surface (mg AVS/cm2). Biofilm was developed with wastewater that has a substrate load-

ing rate of 4g COD/m2/d and under different shear stress. Three zones of detachment related to the

range of shear stress were highlighted. The detachment is greater at the first zone (for shear stress lower

than 0.3 Pa) than at the second (for shear stress ranging from 0.3 to 2 Pa), the third zone can resist to

shear stress magnitude up to 13 Pa. At the first zone, the detached biofilm rate is estimated to be 0.55

mg AVS/cm2/Pa as opposed to 0.1 mg AVS/cm2/Pa at the second zone. This work shows that the

resistance to the detachment of biofilms increases with depth. The detachment mechanisms involved

changes of the biofilm structure. Detachment by erosion promotes a smooth, uniform biofilm, while a

heterogeneous and porous biofilm is observed following a detachment by sloughing (Van Loosdrecht et

al., 2002[181]).

I.3.4.2 The properties of the support

Any material in contact with a fluid containing bacteria is a potential support for biofilm forma-

tion. In irrigation systems, the materials of water transmission pipes consist only of plastic (generally

polyvinylchloride (PVC) and polyethylene (PE) Gamri, 2013[111]).

Metallic material (copper, brass, etc.) may be encountered in some parts of the assembly in partic-

ular the connections and valves used. The attachment surface properties are involved in the phenomenon

of surface adhesion. The choice of materials used as support also seems to be very important. Bacterial

adhesion to supports is influenced by its chemical properties (Lehtola et al., 2004[167]), its roughness

(Yu et al., 2010[303]) and its hydrophobicity (Hogt et al., 1983[129]).

a) Chemical composition of the surface Some surfaces release substances which can inhibit bac-

terial attachment to the surface and slow the development of the biofilm. Thus it has been shown that

biofilm development is less important on copper surfaces (Lehtola et al., 2004[167]; Van Der Koiij et al.,

2005[282];. Morvay et al., 2011[199]) as long as it does not corrode.
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b) Surface roughness The roughness is characteristic of the material used and its condition (new or

used). This parameter is involved as it promotes the attachment of microorganisms that may be housed in

the grooves (Characklis, 1990b[60]) where the attachment surface is increased. On a roughened surface

the repulsive forces are less (Donlan, 2002[83]) and in addition the bacteria are protected from shear

stress (Van Loosdrecht et al., 1990[180]) and from disinfectants or antiseptics.

c) Physicochemical properties of the surface. The physicochemical properties of the surface can

influence the rate of attachment and its magnitude. Polymer surfaces such as PE, PVC or Teflon which

can be found in irrigation systems are characterized by their hydrophobic character in contrast to metallic

surfaces (An and Friedman, 1997[14]). Adherence to polymers is influenced by the characteristics of

the support and the bacterial surface (Verrier et al., 1987[285]). Hydrophobic microorganisms like C.

albicans, for example, are more strongly adsorbed to hydrophobic and unpolarized surfaces such as

Teflon or other plastic materials, as on hydrophilic materials such as glass or metals. The cells are able

to bypass the repulsive forces that they can exert on the substrate, via the action of hydrophobic bonds

(Bendinger, 1993[32]). Unlike the hydrophilic bacteria attach better to hydrophilic surfaces (Hogt et al.,

1983[129]). Metallic surfaces are thus more favorable than plastic supports to biofilm development.

Saur et al., (2017)[251] studied biofilm development on PVC and polypropylene (PP) plates.

Based on previous work, the surface roughness is essentially the same but there is a significant difference

between PP and PVC surface energy. PP surface energy was considered lower than PVC surface energy,

and this affects biofilm development. According to the results, the biofilm surface coverage on PP surface

is two times higher than on PVC surface.





Part I.4

Characterization of chemical and

biological clogging in micro-irrigation

systems using treated wastewater

As mentioned earlier, dripper clogging can result from physical, chemical, and biological deposits.

This study only focuses on chemical and biological clogging, and the interaction between them. Part I.3

in Chapter I shows the parameters that influence biofilm development, but some of them also influence

chemical precipitation like pH and temperature. The high concentration of water in salts, bicarbonates,

manganese, total iron, hydrogen sulfide, calcium, and magnesium increase the possibility of chemical

precipitation and dripper clogging, particularly if the irrigation water is highly alkaline. Calcium carbon-

ate or lime is the most common precipitate (Schwankel and Prichard, 1990[252]).

Many researchers have studied chemical and/or biological clogging of micro-irrigation systems.

Some of the studies were in the field and used real effluent (Hadfi et al., 2011[125]; Tarchitzky et al.,

2013[271], Katz et al., 2014[148]), and others took place in the laboratory and used real or synthetic

effluents (Liu and Hung, 2009[177]; Gamri et al., 2013[111]).

Tarchitzky et al., (2013)[271] used different treated wastewater (TWW) to characterize the foul-

ing layers inside pipes and drippers. In parallel, dripper flow rates were measured in situ. The age of

analyzed drippers is between 2 and 16 years. The average summer temperature is between 31 and 34◦C.

Total and volatile solids, Scanning Electron Microscopy equipped with Energy Dispersive X-ray

spectroscopy (SEM-EDAX) and Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS)

were used to determine the quantity and chemical characteristics of the fouling. Fouling was found in

all of the dripper laterals, and it contained a high percentage of organic matter (OM), except for two

54
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instances where the material was mainly inorganic. The organic matter of the fouling in the laterals and

dripper were essentially aliphatic (2850 and 2930 cm−1) and amid (1560, 1640-1655 cm−1) (Figure

I.15). A high correlation was found between the content of total and organic carbon in the fouling and

the total phosphorus concentration, the sum of calcium and magnesium concentrations and the TWW

pH.

According to Andritsos and Karabelas, (1999)[16], inorganic precipitation increases when pH in-

creases. As in the work of Tarchitzky et al., (2013)[271], initial inorganic or mineral precipitation seems

to favor biofilm development.

The inorganic material obtained after combustion at 400◦C is composed of silica i.e., clay (1043

cm−1) (Figure I.15).

I.15.a: I.15.b:

Figure I.15: DRIFT spectra of the fouling material: (a) before combustion; and (b) after combustion at
400◦C (Tarchitzky et al., 2013[271]).

In addition, for systems containing high quantities of fouling the correlation between equipment

age and the amount of accumulated total solids (TS) was high: the older the equipment, the higher the

TS concentration was. The concentration of volatile solids (VS) was highly correlated with the age of

the irrigation system. This is due to a modification of the surface property that favor biofilm attachment

and development.

Another study was done to characterize fouling in micro-irrigation systems using treated wastew-

ater. Katz et al., (2014)[148] used TWW to evaluate fouling inside the drippers and pipes. Chlorination

and acidification were performed to evaluate the efficency of chemical treatments at preventing fouling

accumulation. Dripper flow rate and coefficients of variation (CV) were monitored to investigate foul-

ing inside the drippers. Results show that the organic composition of the fouling is mainly composed of

aliphatic and amide groups, and the inorganic groups are composed mainly of silica, reflecting the results

of Tarchitzky et al., 2013[271].

A comparison between dripper and pipe deposits shows that biofilm survive better inside the drip-
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per than in the pipe even after chlorination treatment. Biofilms were detected inside drippers even if the

pipe was clean. This can be attributed to a denser biofilm because of high flow velocity inside the dripper.

Denser EPS prevents biocide penetration into the biofilm, thereby protecting the micro-organisms (Li et

al., 2011[170]; Katz et al., 2014[148]).

According to Zhang and Bishop, (2003)[306], chlorination of pipes to eliminate organic matter

(OM) may favor biofilm development in drippers. Chlorination decreases the size of OM which will thus

become more available to the microorganisms in drippers.

Katz et al., (2014)[148] underline that biofilm development inside drippers narrows the water’s

flow path. This decreases the interface between the bacteria and the solution, and favors biofilm devel-

opment by enhancing microorganism survival. This biofilm development causes a sharp change in the

flow rate and CV.

Chemical precipitation also has an effect on the dripper flow rate and the performance of micro-

irrigation systems but no study has been done using treated wastewater. The fouling of the micro-

irrigation systems due to the precipitation of the minerals was done either with drilling water and spring

water (Hills et al., 1989[128]; Hadfi et al., 2011[125]) or with saline water (Lili et al., 2016[174]).

In the work of Hadfi et al., (2011)[125], only chemical precipitation and more precisely calcium

carbonate was investigated in irrigation systems. The origin of the water comes from wells, and that is

why a high concentration in calcium and magnesium can be observed. The hardness of water reached

118◦F (1◦F corresponding to 4 mg/L of Ca2+ ions). According to Nguyen, (1996)[210] when the hard-

ness exceeds 25◦F, chemical clogging may occur. Water temperature and pH was measured at the outlet

of the well. The temperature varied between 22 and 50◦ C, and pH varied between 6.68 and 7.3.

Samples of fouling were collected from irrigation pipes. Their identification was carried out on

the basis of their chemical analysis and their X-ray diffraction (XRD) examination. The ion calcium is

the major element, and it is present in the sample at 39.2%. If the fouling consists of a pure phase of

CaCO3, the theoretical content of Ca2+ would be 40.04%. Therefore, the sample is at 98% of calcium

carbonate. The X-ray diffraction spectrum (Figure I.16) shows the presence of calcite and quartz in the

sample.
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Calcite

Quartz

Figure I.16: X-ray diffraction of the fouling collected from irrigation pipes (Hadfi et al., 2011[125]).

Lili et al., (2016)[174] also found that the dominant material associated with chemical clogging

was calcium carbonate (CaCO3) when using saline water for micro-irrigation. The dripper clogging pa-

rameter (discharge ratio variation (Dra) and coefficient of uniformity (CU)) showed a significant positive

relationship between the calcium and magnesium carbonate content (%) but a negative correlation with

quartz. The higher the inorganic precipitation, the more serious is dripper chemical clogging.

Some studies have focused on the interaction between biofilm development and inorganic precipi-

tation. No studies have focused on this interaction in micro-irrigation condition using treated wastewater,

but a link can be made between those works and the present work concerning the quality of water and

the operating conditions. Most water sources contain carbonates and bicarbonates, which can serve as

inorganic energy sources for certain slime forming autotrophic bacteria. Several types of slime-forming

organisms can deposit onto the tubing walls and contribute to clogging, particularly in the presence of

Fe2+ and H2S (Nakayama et al., 2007[208]). Several factors can bacterially induce calcium carbonate

precipitation, such as carbon source, nitrogen source, pH and EPS (Obst et al., 2009[216]; Chahal et al.,

2011[56]; Priya et al., 2016[233]). But the mechanisms of carbonate nucleation and growth via micro-

organisms are, however, not yet fully understood.

Some bacteria can increase the pH of their micro-environment and lead to calcium carbonate

precipitation. For example, Chahal et al., (2011)[56] shows that ureolytic bacteria influence calcium car-

bonate precipitation by the production of urease enzyme which catalyzes the hydrolysis of urea to CO2

and ammonia, resulting in an increase of the pH. Kah and Riding, (2007)[141] proved that photosynthe-

sis done by cyanobacteria result in a rise of the pH in the micro-environment of the cells, which leads to

significant CaCO3 supersaturation followed by CaCO3 precipitation.

The composition of media, regarding carbon and nitrogen sources, plays an important role in cal-

cium carbonate precipitation. According to Priya et al., (2016)[233], glucose, lactose, beef extract and

peptone showed higher growth rate of calcium carbonate precipitation than sucrose and yeast extract for

both Bacillus sp and Pseudomonas sp. These bacteria are known for their ability to precipitate calcium
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carbonate.

Macromolecules present on the surface of bacteria, in EPS, have anionic functional groups and

negative charged ions also play an important role in CaCO3 precipitation (Fortin et al., 1997[104]). It

favors the adsorption of divalent cations such as Ca2+ making microorganisms’ cell walls act as crystal

nucleation sites (Douglas and Beveridge, 1988[86]; Rivadeneyra et al., 1998[245]).

Obst et al., (2009)[216] developed a model of the temporal and spatial evolution of calcite precipi-

tation mediated by cyanobacteria of the strain S. leopoliensis PCC 7942. Two layers of EPS are observed

(Figure I.17). A thin layer closely bound to the cell surface form a capsular-like structure and a second

layer of loosely bound EPS (Figure I.17.a). In their model Ca2+ ions adsorb onto both layers of EPS

preferentially to the closely bound type (EPS) (Figure I.17.b). The nucleation of amorphous aragonite-

like CaCO3 starts before the nucleation of calcite and the nucleation is within the first EPS layer (Figure

I.17.c). Once calcite nucleates and starts precipitating, the aragonite-like CaCO3 is no longer stable and

dissolve (Figure I.17.d).

I.17.a: I.17.b:

I.17.c: I.17.d:

Figure I.17: Schematic outlining proposed model of the temporal evolution of calcite nucleation on the
surface of S. leopoliensis PCC 7942 (Obst et al., 2009[216]).

This model proves that even the bacteria were exposed to shear stress and that a fraction of EPS

and Ca2+ were ripped off, a lower area of EPS still remaining at the surface. The remaining EPS still

have an embedded aragonite-like CaCO3 which is a reversible precipitation mechanism once the super-

saturation drops due to the abiotic precipitation of calcite.
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Figure I.18: Average flow rates of clogged drippers after 4h and 24h of treatment with two bacterial
strains (A1) and (Osu). The columns represent the mean values and the error bars represent the standard
error of the mean (SEM) (Eroglu et al., 2012[96]).

Eroglu et al., (2012)[96] developed a method with two bacterial strains to dissolve CaCO3 and

unclog the drippers clogged with calcium carbonate precipitation. After 4h and 24h of flushing, flow

rates decreased 5% in the negative control but increased 10% for Lactococcus garvieae strain (referred

to as A1) and increased 20% for B. subtilis OSU-142 (referred to as OSU). Results are illustrated in

Figure I.18. There are no significant differences between 4h and 24h.



Conclusion and thesis objectives

The reuse of treated wastewater in micro-irrigation seems to be a good solution to fight water

scarcity. Treated wastewater contains a multitude of elements that may be beneficial or harmful to the

soil and the environment. Standards have been developed to regulate the discharge of these waters into

the nature and their reuse for irrigation. Even if standards are generally respected, the risk of pipes

and irrigation drippers clogging is always high. Water contains nutrients and dissolved salts that under

favorable pH and temperature conditions may lead to biofilm development and mineral precipitation.

Understanding the mechanisms of biofilm formation and chemical precipitation can help us to avoid

biological and chemical fouling in irrigation systems when using treated wastewater. According to the

state of art some minerals, dissolved in water will react and precipitate following a change in operating

parameters. These elements in the dissolved or precipitated form can interact with the biofilm develop-

ment and depending on the case either favor or disfavor their development. On the other hand several

parameters are involved in biofilm colonization and development, such as water quality, environmental

factors, hydrodynamic conditions, properties of the surface, etc.

The objective of this thesis is to bring new elements on the reuse of treated wastewater in micro-

irrigation. Many researchers are interested in this field and a lot of study with treated wastewater in the

laboratory or in the field has been made. What is new in this study is that for the first time a Taylor-

Couette reactor will be used to reproduce shear stress found in drippers and pipes using real treated

wastewater. The aim is to follow in the same time biofilm development, chemical precipitation and the

interaction between them. Interaction between biofilm and chemical precipitation using treated wastew-

ater under micro-irrigation condition is very little argued in the literature. So we found it interesting to

develop it in this thesis especially that the research team where the work were done work on irrigation

materials. Therefore finding methods and solutions to limit or avoid clogging of drippers is in their great-

est interest.
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In addition a geochemical model will be used also for the first time as a chemical precipitation

indicator to be able to predict the quantity and the quality of mineral deposition. The new numerical

methods will be validated thru laboratory experience.

The originality of this work is also based on the study of calcium carbonate and its interaction

with biofilm. Several biomineralization studies have been carried out on the biofilm’s ability to precipi-

tate calcite but no study has been done on the effect of calcium carbonate on the development of biofilms

in pipes and drippers.



Chapter II

Materials and Methods
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Introduction

In this materials and methods chapter, the objective is to present the different setups and analysis

in order to understand and identify the parameters that affect chemical precipitation, biofilm develop-

ment, and their interaction in irrigation systems using TWW. These two phenomena contribute to the

clogging of drippers and fouling of pipes which cause decreased micro-irrigation performance.

The first part of this chapter focuses only on mechanisms that influence chemical precipitation

in irrigation. Temperature, pH and CO2 partial pressure were investigated. Laboratory experiments

were done in batch reactors by varying water pH and temperature to induce precipitation of dissolved

compounds. X-ray diffraction (XRD) and thermo-gravimetric analysis (TGA) are used to qualify the

precipitate. Knowing the composition of chemical deposits helps to manage and reduce the chemical

clogging problem. PHREEQC as a geochemical software was used to predict the quantity and the qual-

ity of chemical precipitation according to the interaction of different parameters such as water quality,

pH, temperature, concentration of dissolved carbon dioxide, etc. The correlation between modeling and

laboratory experiments is meant to validate PHREEQC as an accurate model for predicting chemical

clogging under micro-irrigation conditions.

The second part of this chapter focuses on biofilm development under different shear stresses

encountered in irrigation systems. The possible presence of chemical precipitation with biofilm devel-

opment was also investigated. A Taylor-Couette reactor (TCR) was designed and built in the laboratory

to reproduce the range of shear stress found in irrigation pipes and drippers channel. The advantages

of TCR are that it is relevant for hydrodynamics studies. Shear stresses and flows can be accurately

determined and controlled, which is difficult to assess inside drippers or pipes. Fouling will be easier to

retrieve and enough to characterize since they are formed on large detachable plates. Total solids (TS)

and volatile solids (VS) were measured in order to quantify the biofilm. X-ray diffraction (XRD) and

thermo-gravimetric analysis (TGA) were used to determine possible chemical precipitation and biofilm

sample contents.

The third part of Chapter II focuses on the study of the interactions between biofilm development

and chemical precipitation. According to the results of Chapter III, calcium carbonate was found to be

the must abundant precipitate when using treated wastewater for irrigation. The effect of calcium car-

bonate on biofilm development was studied inside pipes and drippers. Two synthetic effluents were used,

one with and the other without calcium carbonate. TS, VS, XRD and TGA were used to characterize the

fouling inside the pipes. To monitor the clogging inside drippers, continuous measurements of their flow

rate was done. Optic microscopy was at the end used to identify the location of the fouling inside the

drippers in order to find a link between drippers’ geometry and fouling emplacement.





Part II.1

Characterization of chemical precipitation

by laboratory experiments and modeling

The objective of Part I is to determine the quality and quantity of chemical precipitation under

micro-irrigation conditions using TWW. The water quality used for all the experiments was invariable

(section II.2.7) so studying the factors that affect the precipitation remains essential. In micro-irrigation,

the temperature, pH and CO2 partial pressure are the main factors of precipitation mechanisms. The pH

can change due to water CO2 concentration, microbial degradation (fermentation, photosynthesis, etc.)

and fertilizer injection (acid or alkaline) (Imas and Cohen, 2009[136]). Temperature can increase accord-

ing to the season and to irrigation schedule. It can reach 50◦C at midday during the summer inside black

PE pipes. CO2 partial pressure can be related to temperature and to the way in which irrigation occurs.

Irrigation water can be pumped directly into the distribution system, which does not have contact with

the atmosphere. In this case equilibrium with CO2 is not included. Irrigation water was set in a reservoir

or at the outlet of a dripper where water was open to the atmosphere. In this case, equilibrium with at-

mospheric CO2 is included which means that [PCO2] is constant. Another point is that micro-irrigation

systems work under pressure (Annex A.5) which affects water CO2 solubility and hence the solubility of

the chemical elements. So understanding the operating mode of each parameter is paramount in order to

be able to limit or avoid chemical fouling.

In an open system, mineral precipitation will be made in batch reactors by varying pH and tem-

perature. The precipitate will then be quantified and qualified. The results will be used to validate and

calibrate a numerical method. Once the calibration and validation of the model is done, other simulations

will be made. Mineral precipitation will be done in a closed system, and the results will be compared.

The use of PHREEQC (Parkhurst and Appelo, 1999[219]) aims to predict chemical precipitation using

a specified water quality under different environmental conditions.
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II.1.1 Chemical precipitation in batch reactors

To study the precipitation of the dissolved component of wastewater, a series of analyses have

been done in the laboratory. In the experimental studies, the temperature and pH effects were the only

two parameters that were analyzed. The experiments were done in open batch reactors where the water

is in equilibrium with the atmosphere and the partial pressure of CO2 is constant.

The precipitation test consists of filling clean transparent beakers with one liter of pre-filtered

Mauguio wastewater (II.2.7.1). The filtration at 0.45 µm is used to eliminate all suspended solids and

most of the bacteria. Four pHs at two temperatures will be tested. For this reason, eight experiments will

be done. Four of the eight beakers were at room temperature (22◦C), and the others at 55◦C obtained

using a thermostatic bath. The initial pH was 7.8 (II.2.7.1) and the studied pH were 8, 8.5, 9 and 9.5.

These pH were chosen to provide a wide range study in the condition of irrigation.

When the water reached the desired temperature, a solution of sodium hydroxide (NaOH) at 0.1

M was used to trigger precipitation using a micropipette of 1 ml. The volume of added NaOH was

noted. When adding NaOH and since the precipitation begins the pH of the solution decreases (section

III.1.4). The solution was considered stable without pH decreasing by monitoring a constant value of

pH for 2h (Spanos and Koutsoukos, 1998 a[258]). After 24h, when the equilibrium reaction has been

achieved (Figure II.1.a) the water is filtered using a vacuum pump and glass microfiber filter paper with

0.45 µm pore diameter (Fisher brand) in order to quantify the precipitate. This filter paper is then passed

in an oven for 24h at 105◦C to remove all traces of water and then weighed with an electronic balance

(precision 0.1 mg) (Figure II.1.b). Glass microfiber filter weight was previously verified to be invariable

even at temperature equal to 105◦C.

II.1.a: II.1.b:

Figure II.1: Observed Precipitation at the bottom of the beakers after 24h for pH 8, 8.5, 9 and 9.5 at 55◦C
(a), filter papers after filtration and desiccation of the eight experiments (b).

Figure II.1.a shows four of the eight beakers after 24h of adding NaOH. The precipitation is

visible at the bottom especially for pH 9 and 9.5. Figure II.1.b shows the filter paper after their passage

to the oven (105◦C for 24h).
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To better understand the steps followed, Figure II.2 shows the approach which was done to induce

precipitation.

Wastewater effluent

2 series of beakers:

- 22°C

- 55°C

Add NaOH (0.1 M) 
to obtain pH 8, 8.5, 9 

and 9.5
Oven (24h, 105°C) Sample weighing

Filtration at 0.45 µm

Figure II.2: The followed process that has been done to induce precipitation.

Experiments were repeated four times to analyze the chemical precipitation variation. The studied

effluents were collected between March and May 2015.

The samples then underwent a characterization of their composition using XRD and TGA to

highlight the presence of crystallized and non-crystallized form of chemical precipitation. More details

can be found in annex A.4.

The experimental results were used to validate and calibrate a numerical model. The aim is

to predict which elements will be formed and what their quantity is for water quality in an irrigation

condition. In this case, the same parameters used in the laboratory experiments (water quality, pH and

temperature) will be introduced in the geochemical model (PHREEQC). To have the results given by

the model close to those of the laboratory, a good knowledge of the model and chemical equilibrium is

required.

II.1.2 Precipitation modeling with PHREEQC

The main objective of this part is to introduce the basics of chemical equilibrium and thermo-

dynamics to be able to model chemical precipitation, using treated wastewater in a context of reuse in

irrigation. Depending on water qualities, the clogging of drippers due to the precipitation of initially dis-

solved minerals in water can be affected by different factors (pH, temperature, partial pressure of CO2.

The modelling objective is to accurately predict which minerals are likely to precipitate using such water

quality in such conditions and the amount of those in prevention and /or treatment purposes.

The mathematical formulation of the model was established using PHREEQC, a program of

thermodynamic-based equilibrium calculation for geo- and hydrochemistry developed by the USGS.

In the literature, the studies are mainly based on the ground water and the precipitation of minerals in

the soil (Chapelle, 2001[57]; Barry et al., 2002[27]). No study has been done with PHREEQC on treated

wastewater and the precipitation of minerals inside pipes and micro-irrigation drippers.
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Numerical simulation under PHREEQC requires a description of the solutions and operating

conditions that will be used (composition and concentration, temperature, pH, pe). A thermodynamic

database including all the chemical and thermodynamic characteristics (equilibrium constants, reaction

heats, etc.) of elements, mineral phases and reactions is essential for the simulation. Four databases

are provided with PHREEQC, but users are free to modify or compile a ”personal” base. In this work,

PHREEQC interactive is used and the simulations are run with the default database phreeqc.dat.

In an aqueous solution, PHREEQC enables estimation of the evolution of a system from its initial

state to its thermodynamic equilibrium state. This is done by calculating the distribution of the elements

between their different potential chemical forms (solid, liquid, gaseous, adsorbed, etc.), known as “spe-

ciation”. This calculation is based on mass balance (chemical elements, electrical neutrality, etc.), mass

action laws (representative of thermodynamic equilibrium) and the possibly kinetic reaction law (Zhu

and Anderson, 2002[307]). If the reactions are considered instantaneous and systems go directly from

their initial state to their equilibrium state, it is called an equilibrium model. If the kinetic reactions are

taken into account, the mass action laws are then supplemented by kinetic laws (Peyronnard, 2008[225]).

II.1.2.1 Numerical variation of pH

Experimentally, increasing water pH was done by adding a solution of NaOH (0.1M). To increase

the pH calculated by the model, Na2O was used instead of NaOH. The same numbers of moles (volume

of added NaOH× 0.1 M) used in the experiments were applied in the model. For PHREEQC it is easier

and more accurate to use Na2O because its thermodynamics is better known than NaOH. Na2O reacts

with water to give sodium hydroxide. 1 mole of Na2O is equivalent to 2 moles of NaOH according to the

following reaction:

Na2O(cr) + H2O −→ 2 NaOH(aq) (Reaction.II.1)

So that the addition of NaOH is formally equivalent to dissolution of Na2O.

II.1.2.2 Equilibrium chemistry

a) The law of mass action: The equilibrium between a salt having AnBm as formula and the aque-

ous phase is obtained when the water is saturated with respect to salt. The equilibrium is maintained

from the moment when solution and precipitation occur in the same amount equally. This balance is

represented with the laws of mass action (Eq.II.1) which establish a relationship between the quantities

of products and the reagents of a reaction. The contents of the species involved in the equilibrium are

expressed by their activity (ai) (Appelo and Postma, 2005[19]). For the case of a reversible reaction
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AnBm solide ←→ nAm+ +mBn− the law of mass action is:

KAnBm =
[γAm+]

n
[γAn−]

m

[γAnBm]
(II.1)

In which K is the equilibrium constant, whereas γi is the coefficient of activity of compound i.

The temperature variations have effect on the values of the mass action constant while pressure

has little effect on it. So the Van’t Hoff equation is usually used to calculate the variation of mass action

constants with temperature (Appelo and Postma, 2005[19]).

d lnK

dT
=

∆H

RT 2
(II.2)

Where ∆H is the reaction enthalpy, or the heat lost or gained by the chemical system, R is the gas

constant (8.3144 J/Kmol), and T is the temperature in Kelvin.

b) Concentration and activity: The activity equals the concentration in an infinite dilute solution

where the interactions among the ions are close to zero and the activity coefficient is equal to one (Merkel,

2005[192]). In this case, the solution is called ideal. The activity of the species ai is related to the molal

concentrationCi (mol/l) by an activity coefficient (γi) (Eq.II.3) (Stumm and Morgan, 1996[266]), which

corrects for non-ideal behavior. The activity and the activity coefficient are dimensionless.

ai = γiCi (II.3)

The activity coefficients can be calculated from the ionic strength I by the relation (Apello and Postma,

2005[19]):

log(γi) = f(I) (II.4)

where

I =
1

2

M∑
i=1

miZ
2
i (II.5)

M is the number of species in the solution mixture, z2i is the charge number of ion i, and mi is the

molality of ion i. Strictly, I is defined in molal rather than molar concentrations, but in dilute solutions

the difference is insignificant.

In a dilute solution where all concentrations are sufficiently low giving an ionique strength lower

than 0.005 (I < 0.005), the coefficient activity is calculated by the Debye-Hückel limiting law (Eq.II.6),

for I < 0.1 the extended version of the Debye-Hückel equation will be used (Eq.II.7) (Appelo and

Postma, 2005[19]). For more saline waters, other equations like Davies equation (Eq.II.8) or Pitzer ex-

pressions (Pitzer, 1979[231]) are used in the case where I = 0.5 and I = 1, respectively. The Davies
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equation and Pitzer expressions do not pertain to this work because such salinities are not encountered

in treated wastewater.

log[γi) = −0.5z2i
√
I (II.6)

log[γi) = − Az2i
√
I

1 +Bȧi
√
I

(II.7)

log[γi) = −Az2i

[ √
I

1 +
√
I
− 0.3I

]
(II.8)

Where A and B are temperature dependent constants, (ȧi) is the empirical ion-size parameter, z2i

is the charge number of ion i (valence) and I is the ionic strength.

c) Calculation of saturation states The saturation states Ω′ (Eq.II.9) may be expressed as the ratio

between the analogue product of the activities derived from water analyses, which is often termed as the

Ion Activity Product (IAP) and the equilibrium constant K (Eq.II.1).

Ω′ =
IAP
K

(II.9)

Thus for Ω′ = 1, there is equilibrium, Ω′ > 1 indicates supersaturation and Ω′ < 1 subsaturation. For

larger deviations from equilibrium, a logarithmic scale can be useful given by the saturation index (SI)

(Eq.II.10) (Appelo and Postma, 2005)[19].

In PHREEQC, the SI can be defined in the input file for selected species, and will also be shown

in the output file for the referring species.

SI = log

(
IAP
K

)
(II.10)

SI = 0 reflects equilibrium between the mineral and the solution, and SI > 0 reflects supersaturation.

The reaction proceeds to precipitate the mineral. At SI < 0, the solution is subsaturated and proceeds to

dissolve the salt (Appelo and Postma, 2005, p. 131[19]).

In Chapter III, the value of SI will define whether, in certain operating conditions of pH, tem-

perature and partial pressure of CO2, there will be salt precipitation or not. The results of Chapter III

put into evidence the presence of calcium carbonate precipitate in all water samples. For that reason,

calcium carbonate was chosen as a parameter to ascertain any effect between its presence and the biofilm

development.



Part II.2

Effect of shear stress on biofilm

development kinetics and chemical

precipitation

The objective is to study the effect of shear stress on biofilm development kinetics and possible

presence of chemical precipitation. Since the present study is on micro-irrigation, the selected conditions

of shear stresses are those found in irrigation pipes and drippers. To understand better how shear stress

influences biofilm development, the best approach is to use laboratory-scale systems simulating environ-

mental conditions under different levels of experimental control.

In the literature, various large- and small-scale laboratory designed systems were found to in-

vestigate biofilm development. Among them, Taylor-Couette reactors (TCR) have been suggested to

study the effects of shear stress change on biofilm development in turbulent regime (Gagnon and Slaw-

son, 1999[109]; Tsai et al., 2004[279]; Rochex et al., 2008[246]; Paul et al., 2012[220]; Pechaud et al.,

2012[221]; Derlon et al., 2013[79]).

The liquid phase is located between two cylinders, and the biofilm grows on plates placed on one

of the cylinders. A wide range of support materials for biofilm development can be tested. Plates are

easily removed without biomass contact, and can be easily observed by microscopy. A more complete

description of this type of reactor is made in sections II.2.1 and II.2.4. First, general information will be

given about the TCR and the flows that may be encountered. A second experimental set-up and analysis

done on the fouling will be developed.
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II.2.1 Taylor-Couette Reactor generalities

Taylor-Couette reactors are characterized by a flow between two concentric cylinders an inner

cylinder driven in rotation and a fixed external cylinder. This type of reactor derives from the original

device developed by Couette in 1923 (Liu et al., 1999[175]; Coufort, 2004[70]) which could rotate its

two cylinders in the same direction or in the opposite direction. There are several geometries of the reac-

tor: Co-axial or conical (figure II.3) (Characklis and Marshall, 1990[60]; Noui-Mehidi et al., 2005[215]).

II.3.a: II.3.b:

Figure II.3: Scheme of co-axial (a) and conical (b) Taylor-Couette reactors (Rochex et al., 2008[246]).

Co-axial Taylor-Couette reactors provide a constant wall shear stress distribution on surfaces and

are suitable for the cultivation of biofilms in turbulent flowing environments. Conical Taylor-Couette

reactors allow the simultaneous generation of different shear rates along the inner cylinder on the same

inoculating population (Willcock et al., 2000[293]).

Figure II.4: Sketch of a Taylor-Couette reactor with inner rotating cylinder (Krivilyov et al., 2006[158]).
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In our research we will use a co-axial reactor to analyze the effect of a constant shear stress. Figure

II.4 shows a scheme of a co-axial annular reactor. R1 and R2 are the radii of the two cylinders (outer

radius of inner cylinder and the inner radius of the outer cylinder). ”h” represents the height of the two

cylinders in meters. The angular velocity of the inner cylinder ”Ω” is measured in radians per second.

The gap (e) corresponds to the space between the two cylinders (e = R2-R1). The fixed cylinder is called

a ”stator”, and the rotating cylinder is called a ”rotor” (Annachhatre and Bhamidimarri, 1992[18]). Shear

stresses depend on the cylinder’s rotation velocity and the gap (e). Table II.1 shows the parameters of the

Taylor-Couette Reactor (TCR) that will be used in this study.

Table II.1: Parameters of the Taylor-Couette reactor (TCR).

Taylor-Couette dimension parameters
Dimensions of the reacteur Value (units)
Inner radius (R1) 0.1065 (m)
Outer radius (R2) 0.1195 (m)
Gap (e) 0.013 (m)
Height of the cylinders (h) 0.2 (m)
η (R1/R2) 0.89121339
Γ(h/e) 15.384

These parameters are important in calculating the hydrodynamic conditions and the flow regime

inside the TCR and to calculate the transitions from one regime to another (figure II.5).

II.2.2 Hydrodynamic conditions inside TCR

Hydrodynamic conditions and mainly the flow velocity and the resulting forces strongly influence

the structure and morphology of the biofilm, its activity (exopolymer and metabolite production) and the

distribution of micro-colonies (Stoodley et al., 1997[262]; Costerton, 1999[68]; Busscher and Van der

Mei, 2006[50]). Understanding and mastering TCR hydrodynamic conditions facilitates biofilm devel-

opment.

In a Taylor-Couette reactor, the rotation speed of the inner cylinder and the radii of the two cylin-

ders define the regime flow. The flow is characterized by a dimensionless number called Reynolds

number (Re). The Reynolds number is the ratio of inertia forces and viscous forces. It is expressed in

the case of a co-axial reactor, as follows:

Re =
ΩR1 (R2 −R1)

ν
(II.11)
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Where ν is the kinematic viscosity of fluid (1.00×10−06 m2/s in the case of water) and Ω is the angular

velocity (rad/s).

The characterization of the flow in the annular space of the two cylinders is also carried out via the

dimensionless number of Taylor (Ta). The Taylor number allows characterization of the hydrodynamic

regime specifically in the TCR. It is characterized by the ratio of the centrifugal forces over the viscous

forces (Duvet, 1935[?]). The centrifugal force is greater near the inner cylinder than in the external

cylinder. While the expression of the Taylor number can take many forms, the relation presented by

Racina and Kind, 2006[238] was adopted:

Ta =
ΩR0.5

1 e1.5

ν
(II.12)

The Taylor number depends on the rotational speed of the inner cylinder. Coufort 2004[70] dis-

tinguish six flow regimes in the reactor annulus (from stable flow to fully turbulent flow), as summarized

in figure II.5. More details on the determination and description of the regimes are provided in Annex

A.5.

Regime

Couette

Vortex Flow

Singly WavyVortex Flow

Doubly WavyVortex Flow

TurbulentVortex Flow

TurbulentFlow

Tac

1.27 Tac

40 Tac

700 Tac

(a)

(b)

(c)

Figure II.5: Transitions in a Taylor-Couette reactor (Coufort 2004[70]).

Figure II.5 shows the various regimes and transitions based on a critical value of Taylor number

Tac. Tac is determined by a critical angular speed Ωc (Eq.II.15) of the inner cylinder corresponding to

the occurrence of instabilities of the fluid in the gap.

The passage from one regime to another is marked by a change in the fluid flow due to the increase

of the internal cylinder speed. Each modification is called instability and can be determined by the Tac.

The critical Taylor number corresponds to the appearance of the instabilities. Since many empir-

ical or analytical correlations have been proposed to determine that threshold, the Tac used by Mehel,
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2006[188] will be used in this work:

Tac = Rec

√
e

R1
(II.13)

To be able to calculate the Tac in (Eq.II.13), the critical Reynolds number Rec must be determined.

The most used equation was proposed by Esser and Grossmann, 1996[97] defined by:

Rec =
1

α2

(1 + η)2

2η
√

(1− η) (3 + η)
(II.14)

with α = 0, 1556 and η = R1/R2

To attribute the value of the Tac to the TCR, the inner cylinder must rotate at a speed correspond-

ing to the critical angular speed Ωc. The critical rotation speed of the inner cylinder was taken from the

thesis of Coufort, 2004[70], defined by:

Ωc =
41.3 ν

R0.5
2 (R2 −R1)

1.5 (II.15)

Given the TCR parameters that will be used in this study, the values of Rec, Tac and Ωc are

127.39, 44.505 and 0.08 rad/s, respectively.

Two geometric parameters in TCR are particularly important considering the fact that they directly

affect the critical Taylor number Tac and the multiplicity of flow statements. One is a form ratio (η) and

the other is an aspect ratio (Γ) which is defined as follows:

η =
R1

R2
(II.16)

Γ =
h

e
(II.17)

The interest of determining Tac and Rec is to know when the flow passes from a laminar regime to a

turbulent regime. In irrigation, the flow in the pipes and the drippers is under a turbulent regime but the

value is not the same depending on whether it was in a dripper or in a pipe. In a circular pipe, the ow is

laminar for Re ≤ 2000 and turbulent for Re ≥ 4000 (Eq .II.21). For drippers, Rec can range from 100

to 700 depending on the geometry of the labyrinth (Eq.A.3) (Harley et al., 1995[127]; Kandilikar et al.,

2003[144]).

In order to ensure the presence of a turbulent regime in the TCR, a bibliographic study was carried

out to collect the various Ta and Re data for these transitions (Annex A.6) since in the literature different

values of Rec, Tac and Ωc can be found. Turbulent flow regime will be used in this work since in the

drippers, particle aggregation or biofilm formation occurs in these hydrodynamic conditions.

The aim of this study is to grow biofilm under micro-irrigation conditions in a turbulent flow and

to see the effect of the shear stress on its development. For this, it is necessary to determine the rotational
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speed which enables us to obtain the shear stress. The shear stress, which is mainly applied to the surface

of the inner and outer cylinder, is connected to the tangential flow, itself linked to the rotation of the rotor.

This shear stress is generated by the velocity gradient near the surface of the reactor. It is uniform over

the internal and external cylinders. Different correlations have been established to estimate the shear

stress (τ ) on the inner cylinder surface in this TCR geometry. The expressions used in this work are

those proposed by Racina and Kind, 2006[238] which are based on the concept of Wendt, 1933[291]:

τ = 2.13
(R1/ (e+R1))

3/2

(e/ (e+R1))
7/4

Re1.445
ρν2

2πR2
1

for Re > 8× 102 (II.18)

τ = 0.113
(R1/ (e+R1))

3/2

(e/ (e+R1))
7/4

Re1.764
ρν2

2πR2
1

for Re > 104 (II.19)

Where τ : the shear stress expressed in pressure units (kg/s2/m or N/m2 or Pa); ρ: the studied fluid

density (1000 kg/m3 for water); ν: the kinematic viscosity of the studied fluid (1.00× 10−06 m2/s for

water).

The aim is to be able to determine the angular velocity of the rotor in order to have the desired

shear stress. A backward step was made. The shear stress was selected (more details are provided in

section II.2.3) and then the Reynolds number was determined according to equations II.18 and II.19. At

the end, the value of Re was introduced in Eq.II.11 to determine the angular velocity.

II.2.3 Choice of the shear stress

Since this study is on the effect of shear stress found in irrigation on biofilm development, the

selected conditions of shear stresses are those found in irrigation pipes and drippers. Every shear stress

corresponds to a rotational speed of the cylinder. It will be seen hereinafter how the shear stress and the

corresponding speed of the reactor were calculated.

Three shear stresses will be studied: one found in the irrigation pipes and two found in the drip-

pers.

II.2.3.1 Shear stress found in irrigation pipe:

A 16 mm diameter polyethylene (PE) pipe with a flow velocity of 0.4 m/s was used for the

calculation of one condition of shear stress. The wall shear stress was 0.7 Pa, calculated from the formula
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of Blasius (Chadwick and Morfett, 1993[55]):

τ = 0.0395Re−0.25ρV 2 (II.20)

with: τ : wall shear stress (N/m2 or Pa); Re: Reynolds number inside the pipe; ρ: water density

(1000 kg/m3); V: flow velocity (m/s).

The formula of Blasius is used in the case of a circular pipe. The Re inside a pipe is calculated

following equation (Eq.II.21):

Re =
V Dh

ν
(II.21)

where Dh: Hydraulic diameter which characterize the system geometry (m)

This velocity or shear stress was chosen mainly because in the work of Gamri, 2014[112], several

velocities were studied for the same pipe. The initiation phase of biofilm development is faster for

0.4 m/s (10 days) than for higher velocity (21 days for 1.2 m/s corresponding to a shear stress of 4.9

Pa). Hydrodynamic conditions inside the pipe are presented in Table II.2.

Table II.2: Hydrodynamic conditions inside the pipe.

Conduct PE
Flow speed (m/s) 0,4
Outer diametre (mm) 16
Inner diametre (mm) 12,7
Reynolds number 5700
Shear stress (Pa) 0,7

II.2.3.2 Shear stress found inside drippers:

The shear stresses inside drippers are related among others on the geometry of the latter. Labyrinth-

channel geometry can control and change hydrodynamic conditions and may have an influence on the

clogging properties of the drippers. Since the trapezoidal geometry is the most used, it is considered

a valid geometry that gives turbulent flow and a good performance with anti-clogging properties Al-

Muhammad et al., 2016[10]).

This geometry is also the basic unit of a Gr type integrated dripper with non-uniform section

Figure II.6. This dripper is the most widespread industrially in micro-irrigation. The shear stresses cal-

culated inside a dripper with specific geometry and flow rate are 2.2 and 4.4 Pa (more details of the

calculation of the shear stress can be found in Annex A.7).
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67 mm

φ = 15 mm

Figure II.6: Gr type integrated dripper with non-uniform section (industrial geometry) (Al-Muhammad
et al., 2016[10]).

II.2.4 TCR speed rotation and parameters

As the aim was to study biofilm development under different shear stress, it was necessary to

determine the rotational speed from which the desired shear stress is ensured. Wall shear stress (τ ) is

directly related to the torque on the inner cylinder of the TCR. Since the shear stresses are 0.7 Pa, 2.2 Pa

and 4.4 Pa, Eq.II.18 and Eq.II.19 were used to estimate the Reynolds number. Since the Re was higher

than 104, Eq.II.19 was used. The values were introduced in Eq.II.11 to calculate the speed rotation Ω

of the reactor. Table II.3 shows the calculation of the strain rate obtained from Eq.A.4 and Figure A.2.

The corresponding shear stress is obtained from Eq.A.5. The Reynolds numbers were calculated from

Eq.II.19. The angular velocities were calculated from Eq.II.11. The Taylor numbers were calculated

from Eq II.12, and the Ta/Tac were calculated from Eq.A.4 and Eq.A.5. The rotation speeds were

calculated py multiplying the angular velocity by 60/2π.

Table II.3: Calculation of strain rate, shear stress, Re, Ta, Ta/Tac and rotational speed of the inner
cylinder.

Strain rate Shear stress Re Couette Taylor Ta/Tac rad/s Rotation speed
(s−1) (Pa) (RPM)
7.05E + 02 0.704 9.71E + 03 3.39E + 03 76.22 7.012 67
2.21E + 03 2.206 1.86E + 04 6.51E + 03 146.18 13.449 128.5
4.42E + 03 4.418 2.76E + 04 9.64E + 03 216.71 19.939 190.5

The inner cylinder is connected to a motor which allows it to rotate. Its speed is adjustable from 15

to 240 rotations per minute (rpm). This allows development of biofilm at different shear stresses which

have been chosen for this study to be 0.7, 2.2 and 4.4 Pa, corresponding to rotational speeds of the inner

cylinder equal to 67, 128.5 and 190.5, respectively.



PART II.2. EFFECT OF SHEAR STRESS ON BIOFILM DEVELOPMENT 80

II.2.5 TCR experimental set-up

In order to study the impact of shear stress on biofilm development kinetics, the Taylor-Couette

reactor (TCR) was used. A study of biological and chemical fouling, and their proportions regarding

Mauguio water quality (section II.2.7.1) was also conducted. Three different shear stresses were operated

0.7, 2.2 and 4.4 Pa. The water temperature inside the reactor was kept at 21◦C±1◦C using a thermostatic

bath. A peristaltic pump delivering a fixed flow rate of 1.38 ml/min was used for supplying water to

the reactor with a residence time of water inside the reactor equal to 24h. This time was chosen to allow

attachment and development of biofilm over the plates and to minimize suspended cell growth (Rochex

et al, 2008[246]). The reactor specific charge is 0.049 mg/day/cm2. The experiments were run in

an open system, the water surplus was sent as an overflow to another tank where the water was then

discarded (Figure II.7). Figure II.7 shows from left to right the tank containing Mauguio’s effluent, the

peristaltic pump, the TCR with the motor and a drainage system. Then comes the overflow system and

the thermostatic bath.

Figure II.7: Schematic representation of the experimental set-up.
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Figure II.8: Experimental set-up.

The inner cylinder of the TCR ((a) in Figure II.9) was surrounded by five removable polyvinyl

chloride (PVC) strips (green) with five low density polyethylenes (LDPE) on which the biofilm will grow.

PVC was chosen as a rigid and light support for a better fixation of the plate and to minimize friction at

the bottom of the reactor. The plastic material studied is LDPE, which is the most used in the assembly

of micro-irrigation systems. The PE plates are fixed by six screws at the ends in such a way as to fit as

perfectly as possible their location on the cylinder (in Figure II.9 only one plate is shown (b)). Thus the

perturbations of the liquid phase flow due to geometrical irregularities are minimized. The design was

conceived this way for a better observation and analysis of biofilm developement. The parameters of the

TCR are presented in Table II.1.

II.9.a: II.9.b:

Figure II.9: (a) Inner cylinder showing the five strips and (b) LDPE plate fixed on one strip.
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II.2.6 Experimental protocol

To study the biofilm development under 0.7, 2.2 and 4.4 Pa and its evolution over time, every

experience, which represents one shear stress, runs continuously over a total period of 8 weeks. The de-

velopment of the biofilm over a period of 8 weeks has been found sufficient to allow identification of the

different stages of biofilm development (section I.3.3 in Chapter I). The time required to reach biomass

peaks is usually 4 to 6 weeks, but it also depends on the environmental factors (pH, temperature, nutrient

concentration, etc.) and composition of the biofilm (bacterial strains, algae, fungi, etc.) (Dorigo et al.,

2007[84], Paul, 2012[220]).

Each experience was interrupted at weeks 2, 3, 4, 5 and 6 to study the evolution of biofilm de-

velopment in time. Plates 1, 2, 3, 4 and 5, respectively, are removed, scraped to collect the fouling and

cleaned for a second use. Two repetitions are made for each plate. At week 8, all the plates are removed

and scraped to collect the fouling. They will represent the second repetition of the experiment. Table II.4

shows the planning of the experiment for repetitions 1 and 2.

Table II.4: Experiment schedule over the eight weeks for repetition 1 where the plates are scraped and
changed (green) and repetition 2 where the plates are only scraped (blue).

Plate
Weeks

2 3 4 5 6 7 8

1 2 1 2 3 4 5 6
2 2 3 1 2 3 4 5
3 2 3 4 1 2 3 4
4 2 3 4 5 1 2 3
5 2 3 4 5 6 1 2

The hydrodynamic conditions as shear stress effect are the main parameter and will be varied in

this chapter. The pH, temperature, conductivity, chemical oxygen demand (COD) and dissolved oxygen

were continuously followed to ensure the same operating conditions for the 3 shear stresses from the

beginning to the end of the experimentation. The plate preparation and sampling and explained in Annex

A.8.

II.2.7 Wastewater Treatment Plant (WWTP) of Mauguio

Treated wastewater used in the experiments comes from the outlet of a tertiary treatment (section

I.4 Chapter I) of Mauguio’s WWTP. Mauguio’s WWTP is an activated sludge type and has a capacity

of 24000 population equivalent. It meets the demographic and activity trends of the cities of Mauguio

and Mudaison (Hérault, France). In 2014, the maximum input charge was 23020 population equivalent
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and the average inflow was 2903 m3/day. Wastewater passed through several treatment stages (section

I.4 Chapter I), from the pretreatment (screening, degritting and degreasing) to biological treatment (sec-

ondary treatment). An advanced treatment of nitrogen and phosphorus is required (tertiary treatment) to

preclude the eutrophication of the pond (Etang de l’Or). The effluent from the clarifier is discharged in

old lagoons rehabilitated in an environmental transition zone.

II.2.7.1 Water quality

Independently of the work of this thises, the quality of the effluent is monitored once to twice a

month on a sample representing the average of many small samples for 24h. The objective is to make

sure that the WWTP produces all over the year water quality that satisfies the recommendation criteria

and the discharge standards (section I.4 in Chapter I). The homogeneity of the water is also highlighted

so the date of water sampling for chemical precipitation (part II.1 in this chapter) and biofilm develop-

ment (part II.2 in this chapter) will have no effect on the results. The physicochemical characteristics of

the effluent are listed in Table II.5.

According to Ayers and Westcot, (1985)[22], treated effluents at the Mauguio plant fall within the

normal range of water quality recommended to preclude clogging of micro-irrigation drippers except for

hardness and complete alkalimetric title (CAT), whose values are higher than the recommended one (Dey

et al., 2007[80]). The acceptable range of hardness is between 60 and 120 mg/l and the recommended

range for (CAT) is between 120 and 200 mg/l. As important parameters to follow, for example, the sul-

fate concentration should not exceed 100 mg/l, otherwise creating poisoning problems in the anaerobic

digestion process. Conductivity which is rather related to salinity must have a value below 1500 µS/cm

(20◦C) to ensure that the effluent is suitable for irrigation in accordance with the standards defining the

thresholds for treated wastewater intended for agricultural reuse (El Haité, 2010[93]).
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Table II.5: Physicochemical characteristics of the effluent from Mauguio’s WWTP

Parameters values Parameters values 

T (°C) 17 N Kjeldhal (mg Ntot/ L) 2,31

Turbidity 2,03 Fluorine (mg/L) < 0,50

pH 7,8 Aluminium (�g/L) < 20

Conductivity (�S/cm) 1270 Br (mg/L) 0,18

TDS (mg/L) 1241,7 B (mg/L) 0,14

Hardness (mg/L) 223 Ba (mg/L) <0,05

Alkalinity (mg/L) < 20 Cd (mg/L) <0,005

CAT (mg/L) 261 Cu (mg/L) <0,02

Ammonium (mg/L) 0,37 Fe (mg/L) <0,05

Nitrates (mg/L) 9,8 Mn (mg/L) 0,03

Nitrites (mg/L) 0,17 Li (mg/L) <0,02

Phosphorus (mg Ptot/ L) 0,17 Pb (mg/L) <0,05

Mg (mg/L) 7 Si (mg/L) 12

Ca (mg/L) 133 Sr (mg/L) 0,39

Na (mg/L) 119 Zn (mg/L) 0,03

Cl (mg/L) 171 COD (mg/L) < 30

K (mg/L) 18,1 TOC (mg/L) 6,8

Sulfates (mg/L) 109 Total TSS (mg/L) 5

To highlight the homogeneity of the discharged water, two parameters were followed. Suspended

solids (SS) and chemical oxygen demand (COD) were monitored daily as a routine measurement for the

WWTP. Figure II.10 shows the evolution of suspended solids (SS) and chemical oxygen demand (COD)

in mg/l from June 2013 untill April 2015.

Figure II.10: Variation of the concentration in mg/l of the COD and SS in the same period

Figure II.10, shows that during the year some fluctuation may be encountered regarding the water

parameters but these fluctuations are so minimal that the quality of the water is considered to be constant.

The concentration of COD varies in general between 20 to 30 mg/l (average value 22.3 ± 8.6). A drop

in the COD concentration is noticeable from October to December 2013 and for the same period in 2014.
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The concentration drops below 20 mg/l and can reach 12 mg/l in December 2013. Since Mauguio is

located in the south of France, this dilution is due to the high precipitation in this period of the year in this

region. The same is true for SS (average value 5.6 ± 5.1), where a drop in the concentration is observed

at the same period especially in 2013 where the concentration of SS decreased from 10 mg/l in August

2013 to 3 mg/l in November 2013. It can be said that the quality of the effluent is constant throughout

the year with low seasonal effect. The average and standard deviation of the other measurements of the

water quality at the outlet of Mauguio WWTP obtained from the same period can be found in Annex

A.9.

The monitoring and analysis of the water quality were also done inside the TCR during the ex-

periments of biofilm development to ensure the same conditions over all eight weeks and for the three

shear stresses. In these conditions, only the shear stress will affect biofilm development and not the water

quality.

II.2.8 Analyzing the water quality inside the TCR

For each shear stress, the duration of the experiment was 8 weeks. The effluent was collected every

two weeks from the sewage treatment plant and is stored in a PVC container at 4◦C in the refrigerator

to help maintain sample integrity (USGS 2006). The Taylor-Couette reactor is fed continuously using a

peristaltic pump and a water container positioned upstream the TCR (Figure II.7). Every 53h (3 times per

week) the water container is filled with fresh wastewater from the refrigerator. During the experiments,

temperature, conductivity, dissolved oxygen concentration and pH were measured using a digital multi

meter for mobile measurement (WTW multi 3430 set F). Chemical oxygen demand (COD) was measured

using a WTW kit reagent for photometer (Cat.No.109772). The COD measurements are detailed in

Annex A.10

The water which is inside the refrigerator and inside the container that fed the TCR (Figure II.7)

is also analyzed. The purpose is to put into evidence the stability of the water quality during the 2 weeks

in the refrigerator and between two water renewals (53h).



Part II.3

Effect of calcium carbonate on biofilm

development

Our objectives are to study the effect of calcium carbonate on biofilm development inside irriga-

tion pipes and on the clogging of drippers. Calcium carbonate (CaCO3) was chosen because it was the

most abundant precipitate when using treated wastewater (Schwankel and Prichard, 1990[252]) and it

was also detected in the results of Chapter III. An irrigation set-up consisting of pipes with drippers was

installed. Two series of experiments have been made to compare the development of biofilm with and

without calcium carbonate. For this purpose, synthetic wastewater was used. In order to make clear the

fouling kinetics along the micro-irrigation system, the study is divided into two parts: in the pipe and in

the drippers.

II.3.1 Experimental set-up

The experimental study was carried out in the laboratory using an irrigation set-up system (Figure

II.11) with controlled flow conditions (Section II.3.2). It is composed of two independent parts which

enable a simultaneous study of biofilm development with (tank 2) and without (tank 1) calcium carbonate.

Each part operates in a closed circuit and includes an opaque tank of 60 liters and a pump (Figure II.12)

for supplying the pipes. The tanks are opaque to preclude exposure of the solution used lighting, which

limits the development of algae in the system.

86
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Flow direction 

Pumps

Pipes

Drippers

Figure II.11: Schematic of experiment of the irrigation system.

PumpsOpaque tanks

NPC2 drippers Small tubes

Figure II.12: Experimental set-up

Tank 1 and tank 2 contain synthetic wastewater without and with calcium carbonate respectively.

Each configuration is composed of 6 pipes 4 m long installed in parallel with a slope of 10% to preclude
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any entrapment of the air in the pipes. This is the same type of pipes used in the TCR (LDPE Φ 16mm),

having an internal diameter equal to 12.7. The purpose is to be able to compare the fouling developed

in the pipes and in the TCR under the same operating condition but with different water quality. Every

side of the pipe will be named ”line” designated by the letter ”L” Figure II.13. The flow direction goes

from the beginning of the line to the end of the line. 50 cm on each side of the pipes were intended to

install 3 drippers, which makes 6 drippers per pipe. This is a good way to compare dripper fouling in

the beginning and at the end of the line. The drippers are designated by the letter ”D” and are named as

follows Figure II.13.

Flow direction 

Figure II.13: Designation of drippers and pipes

Figure II.13 will be used to better explain dripper clogging in the Chapter IV of this thesis.

II.3.2 Method of fouling analysis

The effect of calcium carbonate on the biofilm development was divided into two steps. The first

examined the biofilm development in pipes as a function of time. The second consisted in following the

clogging in the drippers.

a) Biofilm development in pipes as a function of time The velocity was set at 0.4 m/s. Accord-

ing to the formula of Blasius (Chadwick and Morfett, 1993[55]) (Eq.II.20), the shear stress applied for

biofilm development is equal to 0.7 Pa. The choice of this velocity or shear stress is explained in section

II.2.3 of Chapter II.
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The flow velocity in the pipes is regulated by calibrated nozzles used on Komet IWT sprinklers

(Gamri, 2014[112]). They have been installed downstream of each pipe in polyethylene (PE) or polyvinyl

chloride (PVC) fittings and have been attached with seals to ensure watertightness. The Komet IWT noz-

zles are selected to a fixed flow rate value for a measured pressure of 1 bar. This pressure was maintained

at a constant rate during all the experimentation and was monitored using a manometer at the beginning

and at the end of each line.

The experimental set-up runs for a period of seven weeks using the synthetic effluent described in

paragraph II.3.3. It operates four hours per day divided into two hours in the morning and two hours in

the afternoon for three reasons: i) to be as close as possible to the real conditions of irrigation; ii) to not

overheat the system, the temperature should not exceed 25◦C especially when powerful pumps are used;

and (iii) to be able to develop biofilm in a limited time. According to Dorigo et al., (2007)[84] and Paul,

(2012)[220], a period of seven weeks is sufficient for optimal biofilm development.

Biofilm development was followed every week by collecting the fouling that develops in the sys-

tem. Every week, one pipe is analyzed and then replaced by a new one to have two repetitions for each

measurement.

b) Monitoring of the clogging in the drippers Non pressure compensating drippers delivering

2 L/h (NPC2) at 1 bar pressure were used. NPC was shown to be less sensitive to clogging than pressure

compensating drippers (PC) (Gamri et al., 2013[111]). They were also used also because they are one

of the most used in micro-irrigation. The monitoring of the dripper clogging was done by measuring the

flow rate at the output of drippers three times per week for all the drippers in the system (72 drippers).

Drippers drip into small tubes that are connected to the system and will be used to facilitate flow

rate measurement (Figure II.12). The flow rate is measured by collecting in a bucket an amount of water

at the outlet of each dripper over a period of 10 minutes and then weighed. The flow rate is then evaluated

in terms of volume per time unit.

Every week when the pipes are removed and changed the drippers are changed too and replaced

by new ones. This allows to have two measurements of flow rates for each biofilm age. For the two

measurements only 12 drippers will reach the end of the experiment.

II.3.3 Synthetic effluent quality

The experimental setup is fed with a synthetic effluent with a concentration of 200 mg/L of COD,

and the composition of the water is described in Table II.6. The components described in Table II.6 are

diluted with demineralized water. The use of demineralized water allows limitation of the interaction
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between the biofilms and the ions present in the water.

Table II.6: synthetic water quality of tank 1 (without calcium carbonate) and tank 2 with calcium carbon-
ate.

Components Concentrations (mg/L)

Tank 1 and tank 2 Glucose 200

Ammonium chloride 16.28

Phosphoric acid 2.05

Only tank 2 Calcium chloride 369

Sodium bicarbonate 443.3

The concentrations were chosen to be as close as possible to Mauguio’s water quality. All year

around, the average ammonium concentration is 4.26 mg N/L and that of phosphorus is 0.65 mg P/L.

For sodium bicarbonate, this was calculated according to the concentration of water alkalinity in French

degree. For calcium chloride, the concentration was based on the Ca2+ concentration in water and was

133 mg/L (Table II.5). Sodium bicarbonate and calcium chloride are precursors for calcium carbonate

formation (Declet et al., 2016[76]).

The use of a high concentration of COD (two to four times the WWTP output concentration) al-

lows promotion of the bacterial development in the system and thus to obtain quantities of measurable

biofilm. The solution is renewed every week to ensure a constant supply of nutrients and calcium car-

bonate for bacteria.

The objectives of this work are to quantify the fouling that develops on the walls of the pipes and

inside the drippers without being too interested in its activity. The quantification of this fouling as a

function of time will allows establishment of a link between the presence of the calcium carbonate and

the development of the biofilm in the pipes and in the drippers. In the case where the development of

the biofilm in the pipes is monitored as a function of time, a measurement of the total solids (TS) and

volatile solids (VS) matter has been made.

II.3.4 Characterization of the fouling material

The fouling collection was done with an elastomeric membrane fixed to the end of a metal rod.

This makes it possible to scrape the inside of the pipe without abrading it. The characterization of fouling

will be the same as for TCR.

The objective of the characterization is to determine the composition of the fouling and the pro-

portion of each constitute.

Many investigative techniques have been developed to characterize the physical, morphological,
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mechanical, chemical, and microbial properties of biofilm. Simple techniques provide access to a macro-

scopic quantification of biomass colonizing a surface. Some of these global techniques are based on the

determination of chemical oxygen demand (COD) or total organic carbon (TOC) as well as thickness,

density, porosity and surface roughness of the biofilm. More simply, the biofilm is also characterized by

the determination of the total solids (TS) and the volatile solids (VS) (Annex A.4). From these weights,

it is also possible to find the density and thickness of the biofilm (Horn and Hempel, 1997b[130]). Ther-

mogravimetric analysis (TGA) and X-ray diffraction (XRD) (Annex A.4) were also used to characterize

fouling. They put into evidence the chemical precipitation that occurred with biofilm development by

determining the quality of the precipitate. XRD characterizes the crystallography of the chemical pre-

cipitation, and TGA can determine the non-crystalized precipitate form and the proportion of each one.

Techniques for identification and characterization of fouling and chemical precipitation will be the same

as used for all experiments.



Chapter III

Characterization of chemical precipitation

by laboratory experiments and modeling
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Introduction

Chemical precipitation in drippers and pipes depends largely on water quality. The solubility of

a given material in water is controlled by variations in temperature, pressure, pH, redox potential, and

the relative concentrations of other substances in solution. In order to predict what might cause chemical

plugging of micro irrigation system drippers, the process of mineral deposition must be understood.

The objective of this study is to determine which elements precipitate and cause chemical clog-

ging when using treated wastewater (TWW) effluent in a micro-irrigation system, to evaluate the effect

of pH, temperature and CO2 partial pressure on chemical precipitation and to use a geochemical model

to quantify and qualify chemical precipitation when using TWW.

The results are divided into two categories: experimental and modeling.

Experimental precipitation will be done in the laboratory. In a batch chemical process, two tem-

peratures (22◦C and 55◦C) and four pH (8, 8.5, 9 and 9.5) are tested to analyze the quantity of precipitates

and their crystalline nature. Water temperature can reach 50◦C in summer inside black pipes (Gamri et

al., 2016[113]). High pH can be due to water CO2 concentration, to microbial degradation or to fertilizer

injection (Haman, 1990[126]). Precipitates and crystalline phase are weighted and then analyzed using

thermogravimetric analysis (TGA) and X-ray diffraction (XRD) .

Experimental results allow validation and calibration of the model in order to predict chemical

precipitation. All of it was done with the intent to prefigure suitable measures to take to preclude/limit

chemical clogging. Modeling was done using the code PHREEQC (Parkhurst and Appelo, 1999[219])

to do a speciation calculation under different environmental conditions (temperature, pH and CO2 par-

tial pressure). The values of pH and temperature were the same as in laboratory experiments. For CO2

partial pressure, two situations have been taking into account: water does not have any contact with the

atmosphere, which is considered as a closed system (e.g., water pumped from water tables), and water

has contact with the atmosphere, which is considered as an open system (e.g., water taken from an open

reservoir). In the case of treated wastewater we are rather in the second case. These results will allow a

widening of perspective about other water qualities.





Part III.1

Experimental characterization of chemical

precipitation using TWW

Chemical precipitation using treated wastewater was monitored in beakers in the laboratory by

varying pH and water temperature. The aim is to know the quantity and quality of the precipitate obtained

using TWW in an irrigation system. The precipitate was quantified by the measurement of its mass in

function of an increase in pH and temperature. Thermogravimetric analysis (TGA) and X-ray diffraction

(XRD) were used to qualify the crystallography and composition of the precipitate. The results allowed

a study of the chemical precipitation according to two parameters.

III.1.1 Chemical precipitation

Treated effluents were collected between March and May 2015 from Mauguio wastewater treat-

ment plant. Four water samples were used for the precipitation experiments. The repetition allows

verification of homogeneity of Mauguio’s water quality over time. Figure V.1 shows the average of pre-

cipitate mass and corresponding NaOH-added volumes with their standard deviations (SD) at different

pH for 22◦C and 55◦C. SD was calculated from the four repetitions in the same conditions. The choice

of pH and temperature is explained in Chapter II. These results are also summarized in Table III.1.

According to Figure V.1 and Table III.1 the difference between the repetitions is negligible for all

the studied pH and temperature. For example the precipitate average mass and standard deviation was

140.75 ± 16.51 mg, 109.3 ± 17.1 mg and 294.25 ± 6.98 mg respectively at pH 9.5, 22◦C, pH 8.5,

55◦C and pH 9, 55◦C. This underlines the homogeneity of the water quality.
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Figure III.1: Evolution of average precipitate mass and volume of added NaOH in function of pH and
temperature.

Table III.1: Average precipitate mass and volume of added NaOH with their SD for pH 8, 8.5, 9 and 9.5
at 22 and 55◦C.

Average NaOH volume, pH and precipi-
tate mass at 22◦C

Average NaOH volume, pH and precipi-
tate mass at 55◦C

Average volume
of added NaOH
(ml)

Average
measure
of the pH

Average mass
of the precipi-
tate (mg)

Average volume
of added NaOH
(ml)

Average
measure
of the pH

Average mass
of the precipi-
tate (mg)

3 ± 1.15 8.06 0.675 ± 0.09 1.75 ± 1.5 8.07 68.75 ± 12.69

5.25 ± 0.96 8.55 0.625 ± 0.15 4.75 ± 0.96 8.55 109.35 ± 17.1

9.75 ± 0.96 9.03 1.325 ± 0.8 33.5 ± 2.65 9.05 294.25 ± 6.98

19.25 ± 1.5 9.53 140.75 ± 16.51 39.25 ± 2.5 9.66 293.025 ± 5.92

Concerning the behavior of precipitation in function of pH and temperature, it is shown that at

22◦C for pH lower than or equal to 9, the mass of precipitation is equal 0.87 ± 0.35 mg. When the

temperature increases from 22 to 55◦C, precipitation occurred even at pH 8 (68.7 ± 12.7 mg). The

variation of the precipitate mass as a function of the pH is mainly driven by temperature. It increases

from 68.7 ± 12.7 mg at pH 8 until 109.3 ± 17.1 mg at pH 8.5 for a temperature equal to 55◦C. At this

temperature for pH 9 and 9.5 the same quantity of precipitate is formed and the mass is 293.6 ± 6.45

mg. It can be said that at 55◦C and from pH 9 all compounds precipitate.

The volume of NaOH also varied not only by increasing the pH but also by increasing the temper-

ature. For a definite value of pH, the volume of NaOH added to reach this same value at 22◦C is not the

same at 55◦C. For example for a pH of 9 the added volume to reach this pH is 9.75 ± 0.95 ml at 22◦C.

This volume increases to 33.5 ± 2.6 ml at 55◦C. This difference is greater as the mass of precipitate
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is important. For a temperature equal to 22◦C, the volume of NaOH increases from 9.75 ± 2.6 ml to

19.25 ± 2.5 ml, giving a precipitate mass of 1.3 ± 0.8 mg and 140.75 ± 16.5 mg, respectively. For

a temperature equal to 55◦C, the volume of NaOH increases from 4.75 ± 0.95 ml to 33.5 ± 2.64 ml,

giving a precipitate mass of 109.3 ± 17.1 mg and 294.2 ± 6.98 mg, respectively. To better explain the

precipitation process and the link between pH, temperature and mass of the precipitate, XRD and TGA

are used to characterize the precipitate type and crystalline form.

III.1.2 Precipitate characterization by X-ray diffraction (XRD)

X-ray diffraction (XRD) was used to analyze crystalline form in the precipitate. Six different

samples from the four different precipitation conditions were tested for XRD analysis: pH 8.5 and 9.5

at 22◦C and 55◦C. For pH = 8.5 at 55◦C and for pH = 9.5 at 22◦C, two samples were taken to evaluate

the repeatability. The objective was to know whether the pH and temperature also affect the crystalline

form or composition of the precipitate. Figure III.2 shows the result of XRD analyses. Figure III.2.a

corresponds to precipitate from pH 8.5; temperature 22◦C. Figure III.2.b corresponds to precipitate from

pH 9.5; temperature 55◦C. Figures III.2.c and III.2.d correspond to precipitates from pH 8.5; tempera-

ture 55◦C. Figures III.2.e and III.2.f correspond to precipitate from pH 9.5; temperature 22◦C. In Figure

III.2.a no peaks were observed due to the insufficient quantity of sample or calcium carbonate (CaCO3) in

the amorphous form Amorphous Calcium Carbonate (ACC) and did not crystallize. In the other Figures

III.2.b, III.2.c III.2.d III.2.e III.2.f, XRD signals indicate the presence of crystallized calcium carbonate

in calcite form (number 1 above peaks). The most representative peak of calcite is observed for 2θ = 34

(blue arrow). Vaterite and aragonite, which are two other crystalline forms of calcium carbonate, were

also detected (Gabrielli et al., 1999[108]). Vaterite (number 2 above peaks) is observed in 60% of the

crystallized samples. Its peaks are perfectly observed in Figure III.2.b. In Figure III.2.d vaterite peaks

are also observed and even less in Figure III.2.f. Aragonite (number 3 above peaks in Figure III.2.d) is

only observed in one sample of one experience. The presence of vaterite and/or aragonite is observed

together or separately but always with calcite.

From the results of scanning electron microscopy and transmission electron microscopy Gabrielli

et al., 1999[108], have shown three crystallographic varieties of calcium carbonate precipitation. Their

presence (solubility properties) depends on the experimental conditions of precipitation kinetics and

temperature. The three polymeric forms are: calcite (cubic), aragonite (needle-shaped) and vaterite

(spherically-shaped). It has been shown that at ambient temperature and over a temperature range be-

tween 0◦C and 90◦C, calcite is the preponderant precipitate which explains why it is found in all the

samples.
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Figure III.2: XRD pattern of the precipitate. Calcite (number 1 above peaks). Vaterite (number 2 above
peaks) and aragonite (number 3 above peaks only in d).

Calcite is the preponderant precipitate because it is the least soluble phase and the most thermody-

namically stable crystal structure form of calcium carbonate, while vaterite is the most soluble phase and

the least thermodynamically stable (Muryanto, 2014[202]). The increase in pH and especially in tem-

perature favors the simultaneous formation of aragonite and especially of vaterite. The peaks of vaterite

are more visible at pH 9.5; temperature 55◦C (Figure III.2.b), than at pH 8.5 temperature 55◦C (Figure

III.2.d), and less visible at pH 9.5; temperature 22◦C (Figure III.2.f). Note that XRD is a qualitative and

not a quantitative analysis and that the peaks area does not refer to the quantity of the elements. The

peaks area indicates rather the degree of crystallization. Rogriguez-Blanco et al., 2011[249] showed that

first precipitation is in amorphous form (ACC) and then crystallizes to calcite via vaterite which is the

least stable (Jzotzi, 2007[140]). In this case, the presence of vaterite in the samples especially in the

case of Figure III.2.b is due to a fast precipitation process where vaterite did not have enough time to
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be transformed into calcite. Spanos and Koutsoukos, (1998 a)[258] found a linear dependence of calcite

content in the precipitate as a function of time.

The increase of calcite quantity means a decrease in the vaterite quantity. In the same study and

in another study made but by the same authors (Spanos and Koutsoukos, 1998 b[259]), they put into

evidence that calcium carbonate precipitation kinetics is linked more to the supersaturation ratio or satu-

ration index (Eq.III.1) than to pH for pH 9.0 and 10.0 at 25◦C or to temperature 25 - 45◦C. They underline

that a very high supersaturation (1.5 - 1.9) in which the solid phase is formed affects the transformation

of vaterite into calcite. But this supersaturated solution can be obtained by increasing temperature for

the same water quality (Larson and Buswell, 1942[163]). In this study, increasing pH and temperature

lead to a very high supersaturation ratio. More details can be found in the modeling (part III.2 of this

chapter). The equation of the supersaturation ratio or saturation index is presented below.

S =

[
Ca2+

] [
CO2−

3

]
CKS

and Log S=SI (Eq.III.1)

where [Ca2+] and [CO3
2–] are the concentrations (mol/L) of calcium and carbonate ions, cKs is the

concentration solubility product constant of calcium carbonate, and SI is the saturation index.

Sabbides et al., (1992)[250] state that aragonite may also be stabilized depending on the tem-

perature of the supersaturated solutions and on the concentration of foreign ions present in water (Mg2+,

oxalate anions, etc.). When the magnesium concentration exceeds 12.97 mol/L, aragonite phase was

found while below this concentration calcite was the only phase forming. Ghorbel et al., (2001)[116]

tested 57 sources of irrigation water, and the result is that the deposition formed at the level of the drip-

pers fed by these waters is mainly formed of calcite and aragonite accompanied by traces of gypsum. In

the work of Tarchitzky et al., (2013)[271], several qualities of treated wastewater were studied to deter-

mine fouling in irrigation systems. The fouling layers sampled in the drippers’ lateral were subjected to

elemental analysis using Scanning Electron Microscopy equipped with Energy Dispersive X-Ray Spec-

troscopy (SEM-EDAX). The plots selected for analysis contain inorganic and organic matter (IM and

OM) in the fouling but with two different proportions (20% and 80% of IM). In both cases, inorganic

matter includes the same elements but in a different ratio due to the inorganic nature of the fouling. The

material contains most probably insoluble precipitates of calcium phosphates and carbonates, as well as

of iron and magnesium. This underlines that the use of treated wastewater promotes calcium precipitation

in different forms, mostly in calcium carbonates form.



PART III.1. EXPERIMENTAL CHARACTERIZATION 101

III.1.3 Precipitate characterization by thermogravimetric analysis (TGA)

In order to complete XRD results, to detect amorphous phases and to qualify the precipitation

TGA was used. Thermogravimetric analysis (TGA) studies the evolution of a sample mass in function

of an increase of temperature inside a furnace (Annex A.4). The decomposition temperature, the amount

of mass loss, and the number of mass variation can give information about the sample composition. The

information that can be added to the XRD using TGA is the non-crystallized part of the sample that

cannot be detected by the XRD. Figure III.3 shows mass variation of a sample taken randomly from one

experience (pH 9.5 temperature 55◦C).
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Figure III.3: Mass loss of a sample precipitate (pH 9.5; temperature 55◦C) in function of temperature

The descending TGA thermal curve indicates one large mass loss. It occurs between 600 and

750◦C. The percentage of this mass loss is 44% from the initial mass. This put into evidence the unique

presence of calcium carbonate in the sample. The 44% value represents the mass of CO2 which is re-

leased from the sample. The remaining 56% corresponds to CaO according to the reaction Reaction.III.1:

CaCO3 −→ CaO + CO2 (Reaction.III.1)

In theory, the molar mass of CaCO3 is 100.08 g/mol with 44.01 g/mol for the CO2. When

the CO2 is released, 43.97% of mass loss occurs, which confirms the results. Li et al., (2013)[172],

confirm that during thermal decomposition of a pure phase of CaCO3 one mass loss is observed between

600-850◦C, representing 43.8% from the initial mass.
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III.1.4 Effect of pH and temperature on calcium carbonate precipitation

Calcium carbonate was identified as the constituent of the precipitate using TWW. The effect of

pH and temperature on its formation is essential to understanding chemical fouling when using treated

effluents in irrigation. In this study, the precipitation of calcium carbonate is induced by heating and by

adding an NaOH solution to water (0.1M) (Reaction.III.2). Carbon dioxide is a very important gas in

determining the solubility characteristics of water so in the precipitation of carbonates (Reaction.III.3)

(Haman, 1990[126]).CO2 partial pressure, is interlinked with pH and temperature and the modification

of one may entail the modification of the other. To better understand the mechanisms of precipitation

and the links between the factors here are the reactions that comes in:

OH− + H+ ←→ H2O , NaOH is added to the water (Reaction.III.2)

CO2(g)←→ CO2(aq) + H2O ,CO2 equilibrium (Reaction.III.3)

CO2(aq) + H2O←→ H2CO3 , Carbonic acid (Reaction.III.4)

H2CO3 ←→ HCO3
− + H+ , Bicarbonate (Reaction.III.5)

HCO3
− ←→ CO2

3
− + H+ , Carbonate (Reaction.III.6)

Ca2+ + 2 HCO3
− ←→ CaCO3 + CO2 + H2O , Calcium carbonate precipitation (Reaction.III.7)

III.1.4.1 Effect of pH on calcite precipitation

Calcite precipitation could be momentarily observed when fertigation is performed with high pH

fertilizers. As NaOH is added to the water, OH– neutralises H+ in Reaction.III.2. This removes H+ from

Reaction.III.5 and Reaction.III.6 which causes these reactions to shift to the right, generating more free

HCO3
– in solution. As more NaOH is added, this process continues with accompanying pH increase

until enough free HCO3
– is present to exceed the solubility of CaCO3 that results in its precipitation. In

Figure V.1, it can be observed that increases only of pH do not induce precipitation especially at 22◦C

since the precipitation begins after pH 9. This is due to the CO2 equilibrium since the experiment was

done in an open system (in equilibrium with the atmosphere). The more the H+ is consumed by adding

a base, the more Reaction.III.5 will consume H2CO3. Reaction.III.4 will also shift to the right as well

as Reaction.III.3. Atmospheric CO2 will dissolve in water to balance the lack of bicarbonate (HCO3
– ),

which causes the precipitation to delay. Two ascertainments were observed in the Figure V.1, which will
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be explained below.

a) Analysis of the high volume of added NaOH In Figure V.1, for example for pH 9 at 22◦C no

precipitation is produced. The volume of NaOH added to reach this pH is 10 ml. For the same pH at

55◦C, 293 mg of calcium carbonate precipitate. The volume of NaOH added to maintain the pH at 9 is

34 ml. A higher quantity of NaOH volume must be added to maintain the same pH when precipitation

occurs. This phenomenon occurs because between pH 8 and 9.5, HCO3
– is the predominant carbonate

ion (Suarez, 1983[267]). For these conditions, the calcite precipitation reaction can be written as in

Reaction.III.7. Reaction.III.7 shows that as CaCO3 is formed, free HCO3
– is removed from solution;

this troubles the equilibrium of Reaction.III.5. To restore the needed balance, reaction shifts to the right

to generate more free HCO3
– and, at the same time, creates additional H+. The presence of additional

H+ lowers the pH. It is this sequence which causes the pH to decrease as more NaOH is added.

b) Stabilization of calcite mass In Figure V.1, a stabilization of the calcium carbonate mass is ob-

served at 55◦C from pH 9 with 293 mg for both pH 9 and 9.5. In Mauguio’s water, the calcium concen-

tration is 133 mg/l. Calcium (M = 40.078 g/mol) is a limiting reagent with respect to the carbonates

which are always in excess and forms as long as there is equilibrium with the atmospheric CO2 (Reac-

tion.III.3 till Reaction.III.6). It is considered that all Ca2+ is associated with HCO3
– to form calcium

carbonate (M = 100.0869 g/mol) in solid form. The theoretical mass of calcium carbonate (CaCO3) that

can be formed with this initial concentration of calcium is 332.5 mg. For Dey et al., (2007)[80], pH and

carbonic acid concentration (H2CO3) play an important role in the precipitation of CaCO3. Calcium,

which is linked to carbonate (carbonate hardness), can be precipitate by the addition of hydroxide ions

(OH– ) having a pH above 10. The remaining calcium, i.e., non-carbonate hardness, cannot be removed

by simple adjustment of pH. Therefore, soda ash (sodium carbonate) must be externally added to precip-

itate this remaining calcium. This can explain the difference between the experimental mass of calcium

carbonate and the theoretical mass which was based on the total calcium concentration in the water.

III.1.4.2 Effect of temperature and CO2 partial pressure on calcite precipitation

In field situations, scale deposits are mainly governed by thermal effects (Hui and Lédion, 2002[133]).

Heating of the water in the pipes exposed to sunlight results in a decrease in carbon dioxide solubility.

The decrease of CO2 solubility causes the release of CO2 in the atmosphere (degassing). The release

of CO2 in the atmosphere by heating drives reactions (Reaction.III.3, Reaction.III.4, Reaction.III.5 and

Reaction.III.6) to the left, which induces a consumption of H+ and thus to a rise in pH (Hui and Lédion,
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2002[133]). The rise of pH and the presence of calcium ions and carbonic species induce calcium car-

bonate precipitation (Reaction.III.7) (Hui and Lédion, 2002[133]). In Figure V.1, the increase of pH has

more effect on calcite precipitation at 55◦C and began even at pH 8.

III.1.4.3 Effect of calcite saturation index on calcite precipitation

As stated earlier, calcium carbonate precipitation kinetics is linked more to the supersaturation

ratio or saturation index (SI) (Eq.III.1) than to pH and temperature. In Figure V.1, calcium carbonate

precipitation is related to temperature and pH and rise when both are increased. According to Panthi,

(2003)[218], taking from Larson and Buswell, (1942)[163], the solubility product (Ksp), which is the

same as the equilibrium constant in the case for a solid substance dissolving in an aqueous solution

(Eq.II.2), of CaCO3 is related to the temperature and drops when temperatures rise. In the Eq.III.2, T

refers to the temperature in ◦C:

pKsp = 0.001183T + 8.03 (Eq.III.2)

Pepe et al., 2009[222] state that the saturation index of calcite is related to the pH and rises when pH

increases:

Log (SI calcite) = 1.0997pH − 8.0632 (Eq.III.3)

Wojtowicz, (2001)[296] underlines that a positive saturation index (SI) does not result in calcium

carbonate precipitation until a certain certain degree of supersaturation is reached. A supersaturated

solution can be obtained by increasing temperature and pH for the same water quality or by increasing

water alkalinity and calcium content (Larson and Buswell, 1942[163]).

The experimental results aim to calibrate and validate a model in order to predict which elements

will precipitate and what their quantities are without going through laboratory tests every time. Calcite

saturation index was found to be the most concerned for the precipitation of calcite which is related

on pH and temperature. PHREEQC will calculate the saturation index of calcite, which will induce

precipitation when increasing pH and temperature. Two cases of figures will also be taken into account:

Water in equilibrium with the atmosphere, and water without equilibrium with the atmosphere.





Part III.2

Numerical characterization of chemical

precipitation using TWW

In order to widen the exploratory parameters of temperature and pH and to be able to introduce

the partial pressure of CO2, PHREEQC will be used. PHREEQC is a geochemical model that calculates

equilibrium composition in a batch of water-containing reactants. It will be used to model mineral

precipitation using TWW under micro-irrigation conditions. This helps to define the limits of water

quality and water supply that can be accepted in irrigation systems.

III.2.1 Treated wastewater speciation

The water quality parameters (Table II.5) are introduced in the software. Only elements capa-

ble to generate a precipitate were taken into account. Trace elements (concentration below 0.05 mg/l),

non-dissolved elements (ex TSS) and non-mineral elements (ex N Kjeldahl) (Table II.5) have not been

introduced. All concentrations were converted into mmol/L for a better speciation calculation since

PHREEQC calculates everything in moles. Activities, molatities and saturation indexes (SI = log IAP –

log K) (Section II.1.2.1) were computed using phreeqc.dat database, and activity coefficients were com-

puted with Debye-Hückel (Eq.III.4), as ionic strength (Eq.III.4) is small enough (I < 0.1M ) (Bourrié et

al., 2013[42]). In Mauguio’s effluent, the calculated ionic strength is equal to 0.01 M.

lnγi = − Az2i
√
I

1 +Bȧi
√
I

(Eq.III.4)
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where γi is the activity coefficient (dimensionless), A and B are temperature dependent coefficients, (ȧi)

is the empirical ion-size parameter and I ionic strength (Appelo and Postma, 2005[19]).

Table III.2 shows the initial saturation index of the elements which are formed according to the

quality of the water and the possibility of their dissolution / precipitation. pH 7.8 was taken as the

initial pH and 22◦C as the initial temperature. According to Table III.2, water is supersaturated, at

these conditions, with respect to aragonite, calcite, chalcedony, dolomite, hydroxyapatite, quartz and talc

(SI > 0). The list of elements proposed by PHREEQC must be coherent with the experimental results.

Calcite was the only element selected since it was also the most preponderant element in the samples

(Figure III.2).

Table III.2: Saturation indices and formula of the different mineral species

Mineral species SI Formula
Anhydrite -1.74 CaSO4
Aragonite 0.67 CaCO3
Calcite 0.82 CaCO3
Celestite -3.21 SrSO4
Chalcedony 0.22 SiO2
Chrysotile -3.91 Mg3Si2O5(OH)4
Dolomite 0.66 CaMg(CO3)2
Gypsum -1.41 CaSO4 : 2 H2O
Halite -6.27 NaCl
Hydroxyapatite 3.38 Ca5(PO4) 3 OH
Quartz 0.65 SiO2¸
Sepiolite -2.35 Mg2Si3O7 · 5 OH : 3 H2O
Smithsonite -2.06 ZnCO3
Strontianite -2.25 SrCO3
Sylvite -6.64 KCl
Talc 0.18 Mg3Si4O10(OH)2
Willemite -1.98 Zn2SiO4

III.2.2 Calcite saturation index in function of pH and temperature

The saturation index (SI) (Eq.II.10) is only an indicator of precipitation of calcium carbonate. The

calcite saturation index in Mauguio water is 0.82 for a pH of 7.8 and a temperature of 22◦C (Table III.2).

As seen in III.1.4.3, SI is pH and temperature dependent. As the temperature and pH rises, the saturation

index increases. Figure III.4 shows the different SI of calcite as a function of the temperature at different

pH. Calcite SI was calculated in an open system which mean in equilibrium with the atmospheric CO2

since laboratory precipitation was done in beakers. The aim is to calibrate and validate the numerical

results from the laboratory experiments. By varying the temperature, the pH of water can change. To
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simplify the interpretation the pHs was fixed at 7.8, 8, 8.5, 9 and 9.5 in Figure III.4. The two blue vertical

lines in Figure III.4 indicate the temperatures that were tested in the laboratory which are 22 and 55◦C.
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Figure III.4: Saturation indices of calcite at different pH and temperature in an open system.

The initial water pH is 7.8 and pH 8, 8.5, 9, 9.5 represents pH after basifying the water. At pH 7.8,

the calcite is under-saturated at any temperature below 80◦C and then in equilibrium up to 100◦C where

the saturation index reaches 0.1. At pH 8, the calcite is supersaturated from 22◦C (SI = 0.11), whereas

from pH 8.5 for any temperature the saturation index is always higher than 0.86. This value is reached

at pH 8.5 for a temperature of 0◦C. It can be observed that SI is more related to pH than to temperature.

At pH 8, for example, SI increased from 0.18 at 30◦C to 0.49 at 100◦C while it increased to 1.16 at pH

8.5 for 30◦C. Similarly, at pH 9.5 there was no change in the saturation index over the entire temperature

range (0 to 100◦C). It went from 2.45 to 2.55 at 0◦C and 100◦C, respectively. This may correspond to

the maximum supersaturation value that the calcite can reach for this water quality. But it will be seen

hereafter that, although SI is greater than zero (SI > 0), calcite will not precipitate.

III.2.3 Experimental and numerical calculation of pH and SI

The aim is to validate the model threw comparisons between numerical, experimental and theo-

retical pH and between numerical and theoretical SI. Organogram presented in Figure III.5 shows the

approach which was followed. The blue arrows indicate the parameters that will be compared.
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Volume of 
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PHREEQC pHnum

SInum of 
calcite
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pHtheo PHREEQC
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calcite

Figure III.5: The process followed which shows the different stages of the modeling allowing to calculate
the pH and SI.

PHREEQC calculates pH of the effluent and SI of calcite for each volume of added NaOH. The

volumes of NaOH are presented in Table III.1. The values of SI and pH are numerical values (pHnum

and SInum). The pH measured in batch reactors will be called experimental pH (pHexp). The theoreti-

cal values of pH are 8, 8.5, 9 and 9.5 (pHtheo). The theoretical pH is the pH we are trying to achieve

in our experiments. The values of numerical, experimental and theoretical pHs will be shown in Table

III.3 and compared. The theoretical values of the saturation index (SItheo) of calcite was calculated with

PHREEQC according to the theoretical values of pH (pHtheo). Numerical and theoretical values of calcite

SI will also be shown in Table III.3 and compared.

The goal is to predict the precipitation of the calcite according to the values of the saturation index

calculated with PHREEQC. The precipitation experiments (Section III.1.1) enables to know at which pH

and temperature precipitation begins and the quantity of precipitate at each parameter. For the precipita-

tion experiments, the calculation of calcite SI is impossible (SIexp). PHREEQC will calculate calcite SI

based on the pHnum and pHtheo (Figure III.5). The validation of the model is based on the fact that pHnum

is very close or equal to pHexp both based on pHtheo. In this case the value of SIexp is known and it is the

same or very close to SInum and SItheo.

Table III.3 shows the values of pHexp, pHnum and SInum after adding the corresponding volume

of NaOH for a temperature of 22◦C (Table III.3.a) and 55◦C (Table III.3.b). pHtheo and SItheo are also

presented only for a comparative purpose. The volume of NaOH corresponds to the amount of sodium

hydroxide added in ml during the laboratory experiments in order to have a theoretical pH equals to 8,

8.5, 9 and 9.5. The experimentally measured pH values are also shown in the table. PHREEQC calcu-

lates the pH (pHnum) based on the added NaOH volume and the calcite SI (SInum) corresponding to each

pH. Another calculation of the calcite SI (SItheo) with PHREEQC was done based on the theoretical pH

(pHtheo). Table III.3 allows a clearer comparison of the numerical and experimental values.
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Table III.3: Comparison between pHexp, pHnum and pHtheo and between SInum and SItheo at 22◦C (a) and
55◦C (b).

III.3.a:Comparison between pHexp, pHnum and pHtheo and between SInum and SItheo at 22◦C

Volume of
NaOH (ml)

pHexp pHnum cal-
culated after
NaOH add

SInum of calcite
calculated after
NaOH add

pHtheo SItheo of cal-
cite

3 8.06 8.39 1.39 8 1.01
5.25 8.55 8.68 1.65 8.5 1.46
9.75 9.03 9.03 1.93 9 1.85
19.25 9.53 9.47 2.22 9.5 2.12

III.3.b:Comparison between pHexp, pHnum and pHtheo and between SInum and SItheo at 55◦C

Volume of
NaOH (ml)

pHexp pHnum cal-
culated after
NaOH add

SInum of calcite
calculated after
NaOH add

pHtheo SItheo of cal-
cite

1.75 8.07 8.03 1.43 8 1.38
4.75 8.55 8.34 1.69 8.5 1.77
33.5 9.05 9.54 2.35 9 2.05
39.25 9.66 9.7 2.39 9.5 2.19

From the results of Table III.3 it can be seen that:

- At 22◦C (Table III.3.a) at high pH (pH values obtained after adding 9.75 and 19.25 ml of NaOH),

there is no difference between pHexp and pHnum values. For example, for a volume of NaOH equal

to 9.75 ml, the pH is 9.03 for both measurements. Whereas at lower pH (pH values obtained after

adding 3 and 5.25 ml of NaOH), the difference is greater. For a volume of added NaOH equal to 3

ml, pHexp is equal to 8.06 while pHnum is equal to 8.39.

- At 55◦C (Table III.3.b) this difference is mainly observed for a volume of NaOH equal to 33.5 ml.

pHexp is equal to 9.05 while pHnum is equal to 9.54. These differences may be due to the buffering

effect of water that has been underestimated by the software.

- For the saturation index values, the difference between the numerical values after adding NaOH

(SInum) and the theoretical values (SItheo) is that for SItheo the pH has been fixed at 8, 8.5, 9 and

9.5. The largest difference of calcite SI values observed between the numerical and the theoretical

at 22◦C is for a pH of 8 where SInum is equal to 1.39 and SItheo is equal to 1.01.

- At 55◦C, the largest difference is observed for a pH of 9 where SInumis equal to 2.35 and SItheo is

equal to 2.05. For the other pH values, the difference is smaller (Table III.3).

According to Figure III.4 and Table (III.3), the saturation index of calcite is mainly linked to pH. In
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Table (III.3) if the values of SItheo are compared at pH 9.5 for example, the SI increases from 2.12 for

a temperature of 22◦C to 2.19 for a temperature of 55◦C. While it increases from 1.01 for a pH of

8 at 22◦C up to 2.12 for a pH of 9.5 at the same temperature. The difference between the values of

SInum and SItheo in Table (III.3) is due to the variation between the values of pHnum and pHtheo. For this

reason a very accurate pH measurement seems necessary in order to determine the SI of the calcite in the

solution. PHREEQC has been validated for the calculation of pH and SI. It can subsequently be used in

the calculation of the calcite precipitation.

III.2.4 Numerical precipitation of calcite

The objective is to simulate calcite precipitation under micro-irrigation conditions. To do so, the

pH and temperature that were used for batch reactor precipitation were introduced in PHREEQC. Tem-

perature, pH and CO2 partial pressure were the environmental conditions that have been modulated. In

paragraph III.2.3 experimental and numerical values of pH and SI were calculated and compared. In this

paragraph, calcite mass and the variation of pH and SI before and after precipitation will be followed.

According to Figure III.4, starting from pH 8.5 the calcite is always supersaturated at any temperature

(SI > 0). For a pH of 8, it is supersaturated from 20◦C. According to laboratory experiments, for the

same conditions calcite does not precipitate even if the water is supersaturated with respect to calcite

(SI > 0). To calibrate the model in order to be able to simulate calcite precipitation, numerical mass

and experimental mass of calcite must be the same. To do so SInum was introduced by trial and error to

meet this objective. Organogram presented in Figure III.6 shows the approach used to allow validation

of the numerical calculation of calcite precipitation based on experimental results.

Calcite 
precipitation

PHREEQC
SInum of 

calcite after 
precipitation

Numerical 
mass (mg)

pHnum after 
calcite 

precipitation

Batch reactor
Experimental 

mass (mg)

Figure III.6: The process followed which shows the different stages of the modeling allowing to calculate
the mass of calcite and the saturation index after precipitation.
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The precipitation of the calcite was taken up by the software by introducing the saturation indices

of the calcite allowing a mass of precipitate close or equal to that obtained in experimentation. For

example, for pH 8 at 22◦C the experimental mass of calcite is 0.67 ± 0.31mg (Table III.1). The

numerical value for the same conditions (pH 8 at 22◦C) is 0.42 mg (Table III.4). The validation of

the model was carried out under the same operating conditions as the experiment (pH, temperature and

atmospheric CO2). Table III.4 shows the results of the different values of SI, pH and mass of calcite

calculated by PHREEQC after precipitation for 22 and 55◦C.

Table III.4: SI and pH values after precipitation under the same operating conditions as the experiment
with the corresponding mass of calcite at 22 and 55◦C.

SI, pH, and mass of calcite after precipita-
tion occurs at 22◦C

SI, pH, and mass of calcite after precipita-
tion occurs t at 55◦C

pHnum af-
ter calcite
precipitation

SInum of cal-
cite after pre-
cipitation

Mass of cal-
cite (mg)

pHnum af-
ter calcite
precipitation

SInum of cal-
cite after pre-
cipitation

Mass of cal-
cite (mg)

8.87 1.78 0.42 8.84 1.81 68.68
8.88 1.805 0.47 8.81 1.685 108.91
8.91 1.849 1.37 8.78 0.85 295.59
8.8 1.42 141.64 8.85 0.98 294.59

At 22◦C according to Table III.3 and Table III.4 precipitation begins when after adding NaOH,

the SI of calcite is between 1.93 and 2.22 (Table III.3.a). It corresponds to a pH between 9 and 9.5. The

corresponding experimental calcite weight is 1.3 mg and 140.1 mg respectively (Table III.1). For the first

two volumes of added NaOH (3 and 5.25 ml) (Table III.3.a), the pH after precipitation increases (Table

III.4). It goes from 8.4 and 8.7 to 8.8 in both cases, and the same goes for the values of SI. SI increases

from 1.39 to 1.78 for the first volume and from 1.65 to 1.8 for the second one. No precipitation occurred

to reduce these values and overcome the added NaOH. When precipitation occurred even in very small

quantities (1.3 mg of calcite), the pH and SI began to decrease. pH dropped from 9.03 to 8.91 and SI

from 1.93 to 1.849 for a volume of 9.75 ml of NaOH.

At 55◦C, precipitation begins following the first volume of added NaOH (1.75ml). The pH is 8

and the mass of calcite is 68.75 ± 12.69mg (Table III.1). The value of SI after adding 1.75 ml ofNaOH

is 1.43 (Table III.3). The values of pH and SI began to decrease compared to the values before precipita-

tion since a volume of added NaOH is equal to 33.5 ml (Table III.4). The high quantity of precipitation

overcomes the high quantity of added NaOH. Before this value, the volume of NaOH takes over. The

numerical pH after adding 33.5 ml of NaOH is 9.54 and it decreases to 8.87 after precipitation. For SI, it

was 2.35, decreasing to 0.85. At these values of NaOH (33.5 and 39.25 ml) and temperature (55◦C), the

precipitation is almost complete. The saturation index drops to nearly that of the calcite in the initial state

(initial SI = 0.8). The drop in SI is due to the decrease in the concentration of Ca2+ and HCO3
– linked to
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precipitation and not to the pH. For all the values of NaOH added and calcite mass, the pH after precip-

itation is invariable in 22◦C and 55◦C even with a high rate of precipitation. It is due to the equilibrium

of the carbonic system since the water is in equilibrium with the atmospheric CO2. Maximum pH was

8.9 and minimum pH was 8.7. A certain supersaturation value must be achieved, which is not the same

at 22 or at 55◦C. At 22◦C, precipitation begins for an SI > than 1.99 while at 55◦C the precipitation is

already detectable from SI = 0.32.

According to Table III.4, it can be seen that in an open system (in equilibrium with atmospheric

CO2) the pH values after precipitation are invariable. So a follow-up of the water pH alone does not

allow prediction or detection of any calcite precipitation. The follow-up of the saturation index of calcite

seems a more efficient and accurate tool. This was also suggested by Hills et al., in 1989 [128]. Ta-

ble III.5 shows the different saturation index values of calcite at different temperature and pH. The red

rectangle (round dots) surrounds the saturation indices of the calcite where there was precipitation for

a temperature equal to or higher than 55◦C. The blue rectangle (square dots) surrounds the saturation

indices of the calcite where there was precipitation for a temperature equal to or higher than 22◦C. The

green triangles (solid line) surrounds the saturation indices of the calcite where there may be precipita-

tion.

Table III.5: Values of calcite SI at different pH and temperature. The round dots (red) and square dots
(bleu) rectangles surround calcite SI where there was precipitation for a temperature equal to or higher
than 55◦C and 22◦C, respectively. The solid line triangles (green) surrounds the saturation indices of the
calcite where there may be precipitation.

Fix pH

T ºC

8 8.5 9 9.5

0 0.68 1.15 1.57 1.9

10 0.84 1.3 1.71 2.02

20 0.98 1.44 1.83 2.11

22 1.01 1.46 1.85 2.12

30 1.11 1.56 1.93 2.17

40 1.23 1.67 2.01 2.22

50 1.34 1.76 2.07 2.25

55 1.39 1.8 2.1 2.26

60 1.45 1.85 2.13 2.27

70 1.55 1.92 2.17 2.29

80 1.64 1.99 2.22 2.31

90 1.74 2.07 2.26 2.34

100 1.83 2.14 2.32 2.38
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Based on PHREEQC analysis and laboratory experiments, the results show a very close relation-

ship in the case of limestone water. The calcite precipitation can be predicted from Table III.5. For

example, for a temperature equal to 10◦C the saturation index of calcite even if it is equal to 1.3 at pH 8.5

there will be no precipitation. The risk of precipitation starts once the water reaches 30◦C. This table can

be used for water qualities close to those of Mauguio. For very different water qualities, other validation

must be done.

III.2.5 Effect of CO2 partial pressure on calcite precipitation

The partial pressure of the CO2 can play a very important role on the dissolution / precipitation of

calcite (paragraph III.1.4). This parameter is introduced to PHREEQC, with the pH and temperature, to

see its effect on calcite precipitation in micro-irrigation condition. In micro-irrigation, it can be consid-

ered that the water inside the pipes is not in equilibrium with the atmosphere (closed system). The time

the water takes passing through the pipe to the dripper and the pressure applied in the irrigation system

influences the partial pressure of the CO2 as well as precipitation. Sherlock et al., (1995)[254] pointed

out that the absence or presence of carbon dioxide strongly influences the solubility of calcite. Table

III.6 shows the results of the different values of SI, pH and mass of calcite calculated by PHREEQC after

precipitation for 22 and 55◦C in a closed system (without equilibrium with atmospheric CO2).

Table III.6: SI and pH values after precipitation under the same operating conditions as the experiment
with the corresponding mass of calcite at 22 and 55◦C without equilibrium with the atmosphere.

SI, pH, and mass of calcite after precipita-
tion occurs at 22◦C

SI, pH, and mass of calcite after precipita-
tion occurs at 55◦C

pHnum af-
ter calcite
precipitation

SInum of cal-
cite after pre-
cipitation

Mass of cal-
cite (mg)

pHnum af-
ter calcite
precipitation

SInum of cal-
cite after pre-
cipitation

Mass of cal-
cite (mg)

8.43 1.43 0.31 7.32 0.6 55.63
8.71 1.67 0.81 7.1 0.25 102.3
9.05 1.94 1.45 8.94 0.95 295.4
8.19 1.5 143.54 9.37 1.2 295.8

Calcite SI and pH in Table III.6 were calculated in the same way like in Table III.4 but without

equilibrium with atmospheric CO2. At 22◦C, SInum and pHnum increase until precipitation occurs. The

pH decreases from 9.05 to 8.19, and SI decreases from 1.94 to 1.5. Contrary to Table III.4, the SI values

are related to the pH and temperature values rather than to the concentration of Ca2+ and HCO3
– in the

solution. At 55◦C, the relationship between calcite SI and pH is also observed. The mass of calcite does



PART III.2. NUMERICAL CHARACTERIZATION 115

not affect the values of SI. Calcite SI and pH follow the same trend, when pH decreases, SI decreases

and vice-versa. For a pH of 7.32, SI is 0.6. The pH decreases to 7.1 due to an increase of precipitation.

Calcite SI decrease to 0.25, and calcite mass increases from 55.6 to 102.3 mg. When a higher volume of

NaOH is added, an increase of precipitation is also observed (295 mg). Even if the precipitation is almost

total it does not overcome the hight volume of added NaOH. pH increases to 8.94, and SI increases to

0.95, as well. Calcite precipitation is more difficult in an open system than in a closed system especially

at high pH for both temperatures. The SI values at high pH in Table III.4 are lower than the one in the

same conditions in Table III.6. The lower the saturation index, the harder it is for calcite to precipitate.

For example, for the third volume of added NaOH the calcite SI at 22◦C is 1.849 and 1.94 in an open and

closed system, respectively. At 55◦C the calcite SI is 0.85 in an open system and 0.95 in a closed one.

Precipitation of calcite is greater in a closed system especially at high pH for both temperature. In

irrigation, even at low temperatures, water that is equilibrated with the atmosphere in reservoirs before

supplying the irrigation system will be subject to less chemical precipitation.



Conclusion

Chemical precipitation using treated wastewater under micro-irrigation conditions was studied

and monitored in batch reactors. Laboratory experiments were conducted to validate and calibrate

PHREEQC. The purpose of PHREEQC model is to predict the quantity and quality of mineral pre-

cipitation using TWW without going through laboratory tests. The influence of temperature, pH, and the

presence or absence of atmospheric CO2 equilibrium on the precipitation of dissolved salts was the key

of the study. Characterization of chemical precipitation was done using XRD and TGA.

Precipitations was carried out at pH 8, 8.5, 9 and 9.5 at 22 and 55◦C. This pH is the theoretical

pH that we are trying to achieve, it will be defined as pHtheo. In the batch reactors, the precipitations

was done in an open system (with equilibrium with the atmospheric CO2). Increasing the pH and tem-

perature of Mauguio’s TWW induce an increase of the precipitation. Temperature was increased using a

thermostatic bath. The pH was increased using a solution of NaOH (0.1M) the pH obtained was defined

as experimental pH (pHexp). Calcium carbonate in calcite form was found to be the most predominant

and stable precipitate. All dissolved calcium precipitates in combination with the carbonates from pH 9

at 55◦C.

The parameters of the water quality used in the laboratory test was introduced to PHREEQC.

PHREEQC calculates the saturation index of all the elements able to be formed. We were interested only

in calcite based on the laboratory results and because PHREEQC also showed that calcite is the most

abundant precipitate using Mauguio’s TWW quality. The SI of calcite was equal to 0.82. Even if the

value is positive no precipitation is formed. The model provided proof that calcite precipitates at a given

degree of supersaturation, which can be achieved by increasing pH and temperature.

The increasing of pH was done by introducing to PHREEQC the same quantity of OH– used in

the laboratory test. The obtained pH was defined as numerical pH (pHnum). For each value of pHtheo and

pHnum a SItheo and SInum was calculated. To validate the model pHtheo, pHnum and pHexp was compared

as well for SInum and SItheo. The values were very close in most cases (for example at 22◦C for a pHtheo

equal to 9.5, pHexp = 9.53 and pHnum = 9.47 for the saturation index of calcite SItheo is equal to 2.12

while SInum is equal to 2.22). This proof the efficiency of PHREEQC to be used as a tool to calculate

116
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calcite precipitation under micro-irrigation conditions.

The calculation of calcite precipitation was done by calibrating the saturation index of calcite to

obtain the same mass of calcite as in the laboratory experiment. The values of SI when the precipitation

occurs was higher than 0.82. At a high temperature (55◦C) the value of SItheo that led to calcite precipi-

tation was 1.39 above a pH of 8, while it was 2.12 at 22◦C at pH 9.5. According to that, a grid was done

to estimate the values of SI that lead to calcite precipitation in function of temperature and pH (Table

III.5).

To enlarge more the modeling experiments and to be in a real case of micro-irrigation condition

the effect of CO2 partial pressure was also investigated. CO2 partial pressure has an effect on calcium

carbonate precipitation since it is involved naturally in the control of the pH. CO2 water concentration

change depending on the water temperature. So the pH, temperature and CO2 partial pressure are inter-

linked and can affect the SI of calcite. In an open system, i.e., in equilibrium with CO2, the solubility

of calcite increased due to a constant supply of CO2 (SInum = 1.78 in an open system at 22◦C while it is

equal to 1.43 in a closed system for the same temperature). To minimize calcite precipitation in irriga-

tion, water should be stored in open reservoirs at a low temperature and a low pH.

Chemical precipitation in micro-irrigation conditions will be studied in parallel with biofilm de-

velopment in the Chapter IV of this work.



Chapter IV

Characterization of biological fouling and

its interaction with chemical precipitation
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Introduction

According to chapter III which was dedicated solely to chemical fouling, we were interested in

this chapter on the biofilm development and its interaction with chemical precipitation using treated

wastewater (TWW). We decided to focus our study on the parameters affecting the clogging of the drip-

pers and the fouling of the pipes being the major problems encountered in irrigation using TWW.

Shear stresses are among the major parameters affecting biofilm development, we will centered

this study on those encountered inside drippers and pipes. Plus, from the results of chapter III calcium

carbonate was the major element found in the precipitate. On this, the effect of calcium carbonate on

biofilm development will be studied. In this chapter the experiments will be divided into two parts:

The first part will be dedicated to study the impact of shear stress on fouling evolution and on

biofilm development inside a Taylor-Couette Reactor (TCR) using TWW. The values of shear stresses

were chosen based on those calculated in drippers (2.2 and 4.4 Pa) and pipes (0.7 Pa) (paragraph II.2.3).

The TCR was used as a tool for the biofilms development because the shear stresses are well controlled.

Fouling, developed on polyethylene plate made from an irrigation pipe, was monitored over a period of

eight weeks to study the evolution of fouling and biofilm development in function of time. The results

between the different shear stresses were then compared.

The second part of this chapter is focused more on the effect of calcium carbonate on biofilm

development inside pipes and drippers. To do so, an irrigation set-up fed with two different water quali-

ties was implemented. One water quality contains a solution of calcium carbonate formation precursors

(CaCl2 and NaHCO3) and the other does not contain this solution. The goal was to be able to study

the effect of CaCO3 on biofilm development. Fouling inside pipes and drippers was monitored over

time (seven weeks) for the two water qualities. Drippers’ flow rates were also monitored to determine

whether CaCO3 has a positive or negative effect on drippers’ biological fouling and clogging. Electronic

microscopy was used to detect the general appearance of the fouling and to observe the preferential

zones, inside the dripper, of biofilm growth during the experimental studies.

Fouling was quantified and qualified the same way in TCR and in the irrigation pilot plant: A

measure of total solids (TS) and volatile solids (VS) to see the ratio between organic and inorganic mat-

ter, X-ray diffractometry (XDR) and thermogravimetric analysis (TGA) to analyze the precipitate and its

crystalline phase. As the TCR resumes the same shear stresses inside the pipes and drippers a comparison

of its results will be made with the one of the irrigation set-up.





Part IV.1

Effect of shear stress on biofilm

development and chemical precipitation

inside Taylor-Couette Reactor when using

treated wastewater.

As seen in chapter I, shear stress is a parameter that influences the growth, the agglomeration

mechanisms, and the detachment of biofilm and has an impact on biofilms bacterial composition and

structure (Stoodley et al., 1999[263]; Rochex et al., 2008[246]). In micro-irrigation many shear stresses

values can be encountered whether inside the pipes or inside the drippers. The effect of shear stress on

biofilm development will be studying using a Taylor-Couette Reactor (TCR).

IV.1.1 Validation of the protocol for monitoring the biofilm development

kinetics

To be able to use the TCR as a tool to develop and to follow the biofilm over time it is necessary

to ensure that the growth of the biofilm is independent on the position of the plate. Three experiments,

for repeatability, were carried out with a shear stress of 2.2 Pa over a period of 2 weeks in order to

demonstrate the homogeneity of the biofilm development over the 5 plates.

After 2 weeks of growth the five plates were removed in the same time to examine spatial variation

of the fouling. The fouling was collected and weighted. It is measured by the quantity of total solids

122
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(TS) in mg (Annex A.4) over the surface of each plate (243.2 cm2). Figure IV.1 shows the average of the

fouling over the three experiments. The error bars corresponds to the standard error of the mean (SEM)

which is calculated by dividing the standard deviation (SD) by the square root of the sample number

(here 5).

Figure IV.1: Average of the fouling for the three experiments measured in total solids (TS) for the 5
plates. The error bars correspond to the SEM.

In Figure IV.1, it can be observed that over the five plates the fouling was almost the same. Since

the collected quantity is very low, the difference between the samples can be related to the measurement

error (Error related to the operator + error related to the balance + error related to the surface of each

plate). The quantity of the fouling vary from 0.061 ± 0.003 mg/cm2 for the first plate to 0.077 ±

0.006 mg/cm2 for the plate number 5. Once the hydrodynamic conditions are well controlled and the

homogeneity of the latter are verified over the entire height of the reactor the experiences can begin.

IV.1.2 Evolution of the fouling in the TCR

In order to analyze the effect of shear stress on biofilm development, the TCR run for a period of

eight weeks. Shear stresses found in irrigation pipes (0.7 Pa) and in drippers (2.2 Pa and 4.4 Pa) (section

II.2.4) were studied.

The biofilm was characterized by the measurement of its total solids (TS) (figure IV.2) and volatile

solids (VS) (figure IV.4) masses in mg over a plate surface in cm2. The results allowed characterization

of the biofilm development as a function of shear stress and time.

Figure IV.2 presents the variation of TS which is the dry matter mass in mg / plate surface in cm2
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over eight weeks of experiment for shear stresses of 0.7, 2.2, and 4.4 Pa. As previously described in

chapter II, the values presented in figure IV.2 correspond to sampling performed at one week interval

except for the first sampling. The first measurement was made after two weeks of experiment operation

in order to allow the biofilm to initiate and develop. The dashed lines represent the time in weeks where

biofilm was collected, which also represent the age of the biofilm. Over eight weeks of operation, the

maximum age of the biofilm was six weeks. Figure IV.2 represent the mean of the TS mass/cm2of the

two repetitions, and errors bars represent their standard error of the mean (SEM).
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Figure IV.2: Evolution of the amount of total solids obtained in the TCR over time for 0.7, 2.2 and 4.4
Pa.

The initiation of the biofilm which normally occurs during the first 2 weeks of development of

biofilm could not be measured and demonstrated in this study due to the impossibility of collecting

very small quantities of fouling. This phase, which takes in general 10 days, corresponds to the latency

phase in which the fixation of the bacteria to the support is initiated (Characklis, 1981)[59]. During this

phase, the microorganisms are not firmly attached so they can be easily detached from the support by the

hydrodynamic conditions (Characklis, 1981)[59].

In figure IV.2 it can be observed that after 14 days, whatever the shear stress, the evolution of the

fouling follows the same trend. In all three cases of shear stress the curves can be divided into two parts:

a first part that would be between 14 and 28 days of biofilm age and a second part that would be between

28 and 42 days of biofilm age.

For 0.7 and 2.2 Pa the quantity of total solids (TS) per unit area is the same at 14 days (0.13

mg/cm2 error ± 0.025). For a shear stress of 2.2 Pa the quantity of TS increase between 28 and 35 days

from 0.15 mg/cm2 ± 0.02 to 0.23 mg/cm2 ± 0.01, respectively. At 42 days the curve returns to a

plateau with an amount equal to 0.24 mg/cm2 ± 0.008. For 0.7 Pa it is also observed that the curve
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has two shapes. The quantity of TS increases between 14 and 28 days, from 0.18 mg/cm2 ± 0.01 to

0.2 mg/cm2 ± 0.002, respectively. Then a stabilization phase occurs between 28 and 42 days.

For a shear stress equal to 4.4 Pa, the curve shape in figure IV.2 follows the same trend as that of

0.7 Pa but the quantities are higher. An increase in the quantity of TS from 0.19mg/cm2 ± 0.01 to 0.28

mg/cm2 ± 0.01 is observed between 14 and 28 days, respectively. From 28 days a plateau is observed

where the quantity stabilizes up to 42 days, also with a value of 0.28 mg/cm2 ± 0.03.

Some knowledge of the amount of organic matter (OM) in the fouling is necessary to explain the

development of the biofilm in function of time and the applied shear stresses. The OM refers to the

quantity of biofilm developed, and it is obtained after taking the samples from one repetition of each

experiment and passing it in an oven at 550◦C for 2 hours (Annex A.4).

Figure IV.3 shows the amount of organic matter (OM) in percentage with respect to the TS in

function of the biofilm age in days for different shear stresses.
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Figure IV.3: Evolution of the amount of organic matter expressed in percentage as a function of time in
days for each shear stress

Figure IV.3 put into evidence the dominant mineral composition of the samples. For the three

shear stresses the percentage of organic matter is less than 50% throughout the experiment. The average

percentage of organic matter for a shear stress of 0.7 Pa is 17.2%, and the standard error of the mean is

± 1.26. For a shear stress of 2.2 Pa the value is 37.6 ± 4.84% and for 4.4 Pa it is 25.3 ± 2.42%. The

most important point in figure IV.3 is that at the end of the experiment (after day 28) the percentage of

organic matter accumulated for a shear stress at 4.4 Pa is greater than the one at 2.2 Pa which is greater

than the one at 0.7 Pa. The values for day 42, for example, are 29.5%, 22.7% and 16.5%, respectively.

For 2.2 Pa, the decrease in the percentage of organic matter from 50% to 30% between day 28 and day

35 is not due to a detachment of the organic matter (figure IV.4) but rather to an increase in the chemical



PART IV.1. EFFECT OF SHEAR STRESS ON BIOFILM DEVELOPMENT 126

precipitation produced during this period. Since the sample is mainly formed with IM (Figure IV.3), the

effect of shear stress on biofilm development must be followed on the organic part of the fouling. The

quantity of volatile solids (VS) which is the same as the quantity of OM is represented in figure IV.4.
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Figure IV.4: Evolution of the amount of volatile solids (VS) in TCR over time for 0.7, 2.2 and 4.4 Pa.

Figure IV.4 represents the evolution of volatile solids (VS) in mg over the surface of the plate in

cm2 in function of the age of biofilm for 0.7, 2.2 and 4.4 Pa. It highlights the effect of shear stress on

biofilm development.

At the beginning, the amount of biofilm measured at 14 days of experimentation is on the order

of 0.02 mg/cm2 for the three shear stresses. From 20 days of experimentation, a difference is observed

between the quantities of biofilm developed for the three operating conditions. In fact, the amount of

biofilm obtained with a shear stress of 4.4 Pa appears to be 1.5 to 3 times greater than that obtained with

a shear stress of 2.2 or 0.7 Pa, respectively. For 4.4 Pa the mass of the VS over the surface of the plate is

0.078 mg/cm2. This value is equal to 0.044 mg/cm2 for a shear stress of 2.2 Pa and 0.02 mg/cm2 for

a shear stress of 0.7 Pa.

For 0.7 Pa it can be observed that the latency phase is prolonged until 28 days. After 28 days the

amount of biofilm is increased from 0.022 mg/cm2 to 0.04 mg/cm2 at day 35 then decreased (20%) at

the end of the experiment to 0.032 mg/cm2 at day 42. For 2.2 Pa no latency phase is detectable. The ex-

ponential phase begins from day 14 until day 35 where the amount of biofilm increases to 0.069mg/cm2.

After day 35, a decrease (15%) is also observed at the end of the experiment where the amount of VS

per unit of surface area is 0.059 mg/cm2.

Generally speaking, the quantity of biofilm for a shear stress of 4.4 Pa constantly increased except

at day 28 where there was a decrease of 25% in the amount of VS. The value decreased from 0.078
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mg/cm2 to 0.058 mg/cm2 in one week. Belkhadir et al., (1988)[30] observed that the growth kinetics

of biofilms are divided into several phases described by a sigmoid curve. The growth of the bacteria

begins with a latency phase. It is followed by an exponential growth phase of the bacterial population

where the biofilm develops rapidly and grows in thickness. Then comes a stage where the development

slows down to achieve the stage of maturation and then detachment.

A short latency phase like in the case of 2.2 and 4.4 Pa can be explained by the high shear stress

generated by high velocities. It reduces the thickness of the diffuse layer which promotes the more rapid

adhesion of the bacteria (Liu and Tay, 2002[176]; Vrouwenvelder et al., 2010[286]). This induces the

production of exopolymers and more particularly polysaccharides in higher quantity than for lower sheer

stresses, ensuring a more rigid structure with a greater cohesion between the cells (Decho, 2000[75]).

In figure IV.4 it is observed that when the shear stress increases the attachment and the develop-

ment of biofilm increases too. The amount of biofilm thats develops at 4.4 Pa is higher than the one

developed at 2.2 Pa and even higher than the one at 0.7 Pa. Wasche et al., (2002)[287] observed the

impact of hydrodynamic conditions on biofilms development. The increase in hydrodynamic conditions

in a range of Reynolds numbers from 650 to 6000 leads to an increase in biofilm density. In order to

resist the strong hydrodynamic conditions, biofilms must develop a denser structure (Kwok et al., 1998

[161]; Picioreanu et al., 2001[228]). Melo and Vieira, (1999)[190] have also shown that for turbulent

flows (between 4200 and 12000), high flow velocities favor the development of a more compact and

stable biofilm that is more resistant to detachment, which explains probably our results.

The works cited above suggest that the increase in hydrodynamic conditions favors the supply

of substrate in biofilms, and consequently their development. Moreover, high flow velocities favor

biofilm resistance by modifying their structure (Melo and Vieira, 1999[190]; Wasche et al., 2002[287]).

In this study, the Reynolds number were greater than in the studies cited above especially for 4.4 Pa

(Re = 27605) and 2.2 Pa (Re = 18621). In figure IV.4, a decrease in the amount of biofilm at day 28

for 4.4 Pa and at day 42 for 2.2 and 0.7 Pa is observed. This decrease is probably due to the biofilm

detachment on the basis of two hypothesis: either the biofilm has become quite thick or old enough to

detach.

According to section II.2.2 in chapter II all the experiments, for the three shear stresses, were con-

ducted under turbulent regime. The difference in the results in figure IV.4 is only due to change in shear

stress. We can conclude that shear stress appears to be a parameter that promotes biofilm development.

Due to a lack of data on the density and thickness of the biofilms during their development phases for

each shear stress, the hypothesis concerning the effect of hydrodynamic conditions on the structure of

the biofilm and its detachment could not be confirmed.

In figure IV.4, a reflection could be made concerning the reduction of the quantity of biofilm at

the fourth week for 4.4 Pa. During biofilm collection the reactor is stopped to allow removal of the
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corresponding plate and then immediately restarted. The sudden changes in hydrodynamic conditions

like the abrupt increase in the rotational speed from 0 to 190 rpm (Re = 0 to Re = 27605) may have

caused this decrease. Knowing that each week the reactor is stopped and then restarted, the decrease in

the amount of biofilm in the middle of the experiment was observed only for a shear stress of 4.4 Pa at

28 days of biofilm age. This may be due to the very rapid growth that is produced at the beginning of the

experiment between week 2 and week 3. This rapid increase probably produces a hardly compact and

fragile biofilm towards a change in hydrodynamic conditions.

The effect of the sudden change in hydrodynamics conditions on the biofilm development has

also been observed in the works of Horn et al., (2003)[131]. In their study, Horn et al., (2003)[131]

characterized the detachment of biofilm by measuring the suspended solids at the outlet of a biofilm tube

reactor after applying a high shear stress. After increasing the flow velocity from 0.6 m/s to 1.2 m/s,

50 to 70% of the biomass was detached after 10 seconds. The thickness of the biofilm decreased from

1200 to 600 µm.

In figure IV.4, after the decrease of the amount of biofilm that occurred at week 4 a multiplication

of biofilm is observed which is produced up to week 6. This phenomenon was also observed in the work

of Choi and Morgenroth, (2003)[62]. They observed that an increase of shear stress from 1.1 Pa to 3.1

Pa induces within seconds a significant increase in effluent suspended solids (SS) concentration due to

detachment. The concentration of SS in the effluent was 10 mg/`, and it increased to 600 mg/` instan-

taneously then decreased quickly to 1 mg/` due to a washout of detached particles. After two hours the

concentration of SS increased from 1 mg/` to return to the steady state value of 10 mg/`. This shows

that the biofilm even after detachment or reduction of its concentration or quantity due to any perturba-

tion can recover and return to its equilibrium value.

For 4.4 Pa (figure IV.4), the biofilm not only returned to its equilibrium value but continued to de-

velop. Among several reasons is that biofilm developed under constant high shear stress becomes denser

and more resistant to shear stress (Wasche et al., 2002[287]).

In order to highlight the TCR performance and the biomass production the yield rate (Y) was

calculated. Figure IV.5, shows the yield rate production of biofilm, corresponding to the variations in the

cellular material generated represented by the amount of VS (in mg) (values in figure IV.4 × the surface

of the plate). This yield rate is obtained by linking the amount of biofilm produced weekly (in mg) for

a shear stress of 4.4 Pa to the quantity of chemical oxygen demand (COD) consumed (in mg) during

the same period (one week) (Eq.IV.1). The calculation is detailed in Annex A.10. For the other shear

stresses, yield rate could not be calculated due to a lack of data concerning COD.

Yield rate =
mb

mCOD
(IV.1)
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With mb: mass of biofilm that develops on all the plates at a period t (mg) and mCOD : consumed COD

corresponding to the same period t (mg)
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Figure IV.5: Yield rate corresponding to the total mass of biofilm for each week over consumed COD
corresponding to the same period at a shear stress equals to 4.4 Pa.

According to figures IV.4 and IV.5, the mass of the volatile solids and the yield rate growth follow

the same curve. They increase from days 14 to days 21, decrease to day 28 and then to increase again.

A stabilization of the yield is observed from day 35 (figure IV.5) where the values at days 35 and 42 are

0.21 and 0.22, respectively. The variation on the yield rate values over time are due to the quantity of

biofilm variation measured rather than to the amount of COD consumed. The values of COD are detailed

in Annex A.10.

IV.1.3 Characterization of fouling chemical composition inside the TCR

According to the results of figure IV.3, the fouling is mainly composed of mineral matter (>

73%). Therefore, some knowledge of the chemical composition of the fouling is important to establish

a link between the biological and chemical clogging according to the hydrodynamic conditions and the

wastewater quality. Two methods have been used here for the chemical characterization of the fouling:

X-ray diffractometry (XRD) and thermogravimetric analysis (TGA). (Annex A.4). For each shear stress,

as explained above, two repetitions were made. One was used for the identification of TS, VS (IM), XRD

and TGA and the second one only TS, XRD and TGA.

Figure IV.6 shows how the procedures were done. For each shear stress, fouling collected from
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the five strips was mixed together first, to have a sufficient quantity for XRD and TGA analysis and

second, to eliminate the parameter age of biofilm in the analysis and focused only on shear stress effect.

Samples 
from a shear 

stress

Repetition 1 TS IM

XRD

TGA

Repetition 2 TS

XRD

TGA

Figure IV.6: The process followed that shows how mineral characterization was done on each sample of
repetitions 1 and 2 for each shear stress.

IV.1.3.1 X-ray diffraction (XRD) analysis of the fouling inside TCR:

X-ray diffraction (XRD) was used to determine the mineralogy and the crystalline form of the

chemical precipitation which is produced at the same time as the biofilm development using Mauguio’s

wastewater effluent. Figure IV.7 shows the diffraction pattern of the fouling obtained for a shear stress of

4.4 Pa in the Taylor-Couette reactor. Figure IV.7.a shows diffraction peaks of the total solids (TS), and

figure IV.7.b shows diffraction peaks of the inorganic matter (IM) obtained after TS calcination (Annex

A.4).

In these two figures three characteristic peaks were highlighted. The most intense peak of calcite

(CaCO3) is at 29.5 in 2θ position and the second that follows is at 23 in 2θ position (number 1 above

peaks). The most intense peak of silicon oxide (SiO2) is at 26.5 in 2θ position and the second that follows

is at 21 in 2θ position (number 2 above peaks). The presence of SiO2 (quartz) is due to small particles of

sand and sandstone present in the effluent water and which have been trapped by the biofilm matrix. The

third interesting peak is that of hematite (Fe2O3) (number 3 above peaks) where the most intense one is

at 36 in 2θ position. Hematite is a compound constituting sedimentary rocks and some fine particles can

be found also in wastewater.

In figure IV.7.b, a fourth interesting peak is observed in the IM sample which is that of calcium

oxide (CaO). The difference between the TS sample and the M sample is that TS was obtained after

desiccation of the sample at 105◦C and IM was obtained after passing TS in the oven at 550◦C for 2

hours. CaO was produced inside the oven since in TS, no CaO peaks were detected (figure IV.7.b). CaO

presence is due to the decomposition of calcium carbonate (calcite) which is already present in TS due

to calcination (Reaction.III.3).

In the IM sample (figure IV.7.b), there is always calcite, which proves that the whole calcium
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carbonate has not been calcinated as the temperature is only raised to 550◦C to eliminate the organic

matter. The decomposition of calcium carbonate (calcination) takes place at higher temperature (500◦C-

1000◦C), which demonstrates the presence of both calcite and calcium oxide in the sample. For the other

shear stresses the results of the XRD were similar to those presented here and they can be found in Annex

A.11. The pics area of each constituents do not represent the quantity of the elements since the XRD is

a qualitative and non-quantitative method.
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IV.7.a: XRD pattern of total solids (TS) sample for a shear stress of 4.4 Pa. Number 1 above peaks represents diffraction
peaks of calcite, number 2 represents diffraction peaks of quartz, and number 3 represents diffraction peaks of hematite.
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IV.7.b: XRD pattern of inorganic matter (IM) sample after TS calcination for a shear stress of 4.4 Pa. Numbers 1, 2 and 3
represent the same thing as in figure IV.7.a. Number 4 represents diffraction peaks of calcium oxide.

Figure IV.7: XRD pattern of TS (a) and IM (b) fouling. Number 1 above peaks is for calcite. Number
2 above peaks is for quartz. Number 3 above peaks is for hematite and number 4 above peaks is for
calcium oxide.

According to the precipitation results in chapter III, the most abundant constituent found in the

precipitate was the calcite. Calcite was also found (Figure IV.7) inside the fouling obtained in a TCR

using treated wastewater. Since these experiments were carried out at ambient temperature and pH both
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not exceeding 25◦C and pH8, respectively, the presence of calcite could be detected contrary to the

results of Chapter III. This demonstrates the possible interaction between the biofilm and the Ca2+ in the

wastewater to induce precipitation. Tourney and Ngwenya (2009)[277] found that EPS release dissolved

organic carbon (DOC) which complexes Ca2+ ions in solution, favoring calcite precipitation by reducing

the calcium carbonate saturation.

Other elements have also been detected by the XRD as feldspars and clays which are essential

constituents of rocks and soils. The detection of these elements in the samples is due to their presence in

the effluent and not to the interaction between biofilm and minerals. Thermogravimetic analysis (TGA)

will be used not only to detect amorphous elements which are impossible with XRD but also to establish

a link between the percentage of OM and calcite precipitation.

IV.1.3.2 Thermogravimetric analysis (TGA) of the fouling inside TCR:

Thermogravimetric analysis (TGA) was used to detect amorphous structure by studying the de-

composition of the sample as a function of an increase in temperature. In this study, an expectation of

the percentage mass of calcium carbonate constituting each sample will also be made by TGA Table

IV.1. Table IV.1 shows the total solids (TS) mass loss in percentage for a shear stress of 0.7, 2.2 and

4.4 Pa. The study of the mass loss was divided into 2 parts: from 0◦C to 550◦C and from 600◦C to

850◦C. From 0◦C to 550◦C the mass losses the percentage of organic matter (OM) present in the sample.

From 600◦C to 850◦C, the values represents the mass losses occurred in percentage after calcium car-

bonate decomposition. The percentage of calcium carbonate in the sample was calculated based on Li

et al., (2013)[172] works. According to their works, the mass loss of a pure sample (100%) of calcium

carbonate is 43.8%(Section III.1.3). Based on the results of the DRX regarding the mineral elements

found in the samples, only calcium carbonate decomposes at this temperature. Therefore, any mass loss

is assumed to be due to this element decomposition.

Table IV.1: Mass loss in percentage between 0◦C - 550◦C, 600◦C - 850◦C for the three shear stresses and
an estimation of the percentage of calcium carbonate in each sample.

Samples Mass loss % Mass loss % Percentage of calcium carbonate
(0◦C - 550◦C) (600◦C - 850◦C) in the sample

from total Mass
0.7 Pa TS 48.3% 6% 13.69%

2.2 Pa TS 25.2% 2.2% 5%

4.4 Pa TS 35.3% 2.9% 6.6%

In Table IV.1, the percentages of organic matter (mass loss between 0◦C and 550◦C) in the total

solids (TS) obtained for shear stresses of 0.7, 2.2 and 4.4 Pa are 48.3, 25.2 and 35.3 %, respectively.
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Note that the samples used for the measurements of organic matter (OM) in TGA are not the same as

those presented in figures IV.3 (organogram presented in figure IV.6). In addition, the conditions of

degradation in an oven and in a TGA are not the same. In the oven, a reaction of combustion occurs

(presence of air) while in the TGA it is a reaction of pyrolysis (presence of argon). Pyrolysis is the

chemical decomposition of organic materials by heating in the absence of oxygen or any other reagents.

The comparison between the percentages of organic matter values here and in figure IV.3 is impossible

but in both cases samples contain more mineral matter. According to Table IV.1 the maximum percentage

of OM was found for a shear stress of 0.7 Pa and it represents 48.3%, while according to figure IV.3 the

maximum average percentage of OM was found for a shear stress of 2.2 Pa and it represents 37.6±4.84%.

TGA graphs can be found in the Annex A.12.

The main purpose of Table IV.1 is to show the relationship between the percentage of organic

matter and the estimated mass percentage of calcium carbonate. The more organic matter in the sample,

the more calcium carbonate precipitation increases. For the percentages of OM equal to 48.3, 35.3 and

25.2%, the percentage of calcium carbonate in the sample is equal to 13.69, 6.6 and 5%, respectively,

which enables to calculate a very strong positive correlation (y = 0.3841x − 5.5007, R2 = 0.925)

between the percentages of OM and the calcium carbonate in the sample. This has also been observed

by Obst et al., (2009)[216] (paragraph I.4) where an extensive production of EPS has been demonstrated

to be the main factor to accelerate carbonate mineralization.

Many researchers have been working on the process of biomineralization, especially with respect

to calcium carbonate precipitation (Benzerara et al., 2006[34]; Wei et al., 2015[289]). This process

is often related to microbial cell surface structures and metabolic activities. Microbial extracellular

polymeric substances (EPS) play a very important role in the morphology and mineralogy of calcium

carbonate precipitation. EPS can trap and bind remarkable quantities of calcium to facilitate precipitation

(Arp et al., 1999[21]; Dupraz et al., 2005[88]; Braissant et al., 2007[43]).

This might be of interest as an approach in the clogging of drippers with TWW. However, studies

must be carried out in depth to detect the interaction between biofilm and chemical elements under

micro-irrigation conditions.

IV.1.4 Conclusion

The effect of the shear stresses encountered in irrigation on the evolution of fouling and the de-

velopment of biofilm using treated wastewater was studied in this section of the chapter IV. A Taylor-

Couette reactor (TCR) was used to reproduce these shear stresses since it is a good tool for the biofilms

development because the shear stresses are well controlled. The values of shear stresses were chosen
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based on those calculated in drippers (2.2 and 4.4 Pa) and pipes (0.7 Pa). For each shear stress a quantity

of fouling was obtained. The amount of total solids (TS), organic matter (OM) and inorganic matter (IM)

of each fouling obtained from each shear stress were quantified and qualified. X-ray diffraction (XRD)

was used to determine the mineralogy and the crystalline form of the chemical precipitation which is pro-

duced at the same time as the biofilm development using TWW. Thermogravimetric analysis (TGA) was

used to detect amorphous structure and a quantitative measure of precipitated calcite. Several important

results have been obtained:

- The quantity of biofilm development, which is represented by the OM or the volatile solids (VS),

is greater at a shear stress of 4.4 Pa compared to 2.2 Pa and 0.7 Pa.

- An analysis of the percentage of OM/IM shows that all the samples are mainly composed of IM.

- The higher the shear stress is, the greater the amount of fouling is. The quantity of TS at 4.4 Pa

is higher than 2.2 Pa which is higher than 0.7 Pa throughout the duration of the experiment. This

proof that en parallel of the increasing of the quantity of OM there is an increasing of the quantity

of IM.

- Using XRD, the calcite was detected in all the samples.

- TGA highlight the presence of calcium carbonate and its relation with the quantity of OM. The

more the sample contains OM, the more it can precipitate calcium carbonate.

According to the results of TS and VS, biofilm development is influenced by shear stress. As the shear

stress increases, so does the amount of biofilm in mg/cm2. High shear stress gives a denser and more

rigid biofilm that withstands strong hydrodynamics conditions. An interaction between the quantity of

biofilm and the quantity of calcium carbonate was highlighted from the results of TGA and TS. The

effect and interaction between calcium carbonate and biofilm must be studied deeper. In the second part

of this chapter, biofilm will be developed with and without calcium carbonate to better understand the

link between them.





Part IV.2

Effect of calcium carbonate precipitation

on biofilm development on fouling of

irrigation pipes and drippers

According to chapter III and the part IV.1 of chapter IV, calcium carbonate (CaCO3) was found to

be the most abundant mineral compound using TWW. In part I of this chapter, it was demonstrated that

the quantity of organic matter and calcium carbonate is proportional. In this second part of chapter IV the

objective is to see the effect of the presence and absence of calcium carbonate on biofilm development

inside irrigation pipes and drippers. An irrigation setup was implemented to study the development of

biofilm and the irrigation water uniformity with and without CaCO3. Two experiments run in parallel

for a period of seven weeks. In order to enhance biofilm development and to study the effect of calcium

carbonate on it, the first experiment is fed with synthetic effluent without CaCO3 and the second experi-

ment is fed with the same synthetic effluent but with CaCO3 (paragraph II.3.1).

The study will be divided into two parts:

- Quantifying and qualifying the fouling inside the pipes and comparing it with the results of TCR

since the shear stress applied is equal to 0.7 Pa.

- Follow the clogging of drippers by flow rate measurements and microscope visualization. The

shear stress inside drippers, even if the geometry is not the same, is close to those studied in the

first part (between 2.2 and 4.4 Pa).

136
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IV.2.1 Interaction between calcium carbonate precipitation and biofilm

development in irrigation pipes.

Biofilm inside irrigation pipes was developed under a constant shear stress of 0.7 Pa (paragraph

II.2.4) and flow rate (0.05 m3/s). As in the TCR, biofilm was characterized by the measurement of its

total solids (TS) and volatile solids (VS) masses. These measurements enable us to quantify the fouling

and calculate the ratio between organic and inorganic matters (OM and IM).

Thermogravimetric analysis (TGA) and X-ray diffraction (XRD) were also used to detect a crys-

talline form of mineral precipitate and highlight calcite precipitation in function of the quantity of organic

matter. Figure IV.8 shows the evolution of the fouling calculated in total solids (TS) in mg/cm2 for the

two experiments without CaCO3 (T1) and with CaCO3 (T2). Every week, fouling was collected from

one pipe of each experiment (with and without CaCO3). Every week corresponds to the age of biofilm

development. Each pipe was then replaced by a new one to have a repetition. The TS values represented

in figure IV.8 are the average of two repeatability, and the error bars correspond to the standard error of

the mean (SEM).
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Figure IV.8: Fouling expressed by its total solids inmg/cm2 for the experiment without CaCO3 (T1) and
with CaCO3 (T2) as a function of the biofilm age in days.

In the figure IV.8 it is observed that the results can be divided into two parts: from day 7 to day

28, and from day 28 to day 42. After seven days of biofilm development the amount of TS in T1 and T2

is very close. From day 14, the difference between the two experiments is clear. For T1, the amount of

TS is equal to 0.014 ± 0.002mg/cm2, and for T2 it is equal to 0.03 ± 0.007mg/cm2. This difference

continued to be emphasized until the end of the experiment. The highest difference of TS between T1

and T2 was observed after day 28. An exponential increased in the amount of TS is observed for T2. The
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values increased from 0.05 ± 0.003 mg/cm2 at day 28 to 0.143 ± 0.001 mg/cm2 at day 35. In one

week, the value increased by 300%. This is in contrast to T1, where stabilization is observed after day

28. The amount of TS was 0.035 ± 0.01mg/cm2, 0.039 ± 0.009mg/cm2 and 0.05 ± 0.007mg/cm2

for days 28, 35 and 42, respectively.

The difference observed between T1 and T2 especially at day 35 and 42 (figure IV.8) is due to the

precipitation of inorganic matter (IM) which has been demonstrated in figure IV.9. A low percentage in

OM means a high percentage in IM (100 - %OM = %IM). One repetition of TS of each experiment was

analyzed for the percentage of OM. Figure IV.9 shows the evolution of the percentage of OM for T1 and

T2 in function of biofilm age in days.

In figure IV.9, As in figure IV.8, the amounts of organic matter (OM) are close at day 7 for T1 and

T2 (around 15%). The low percentage in OM at day 7 for both experiments indicates the initiation of

biofilm. From day 14 for T1 the percentage of OM increased to reach 75% at day 35. For T2, fouling

is mostly made of IM and the percentage did not change throughout the experiment. At day 14, TS was

made of 15% of OM, and the same percentage was found at days 28, 35 and 42. The increase of TS

in figure IV.8 in the experiment with calcium carbonate is due mainly to mineral precipitation. Since

the percentage of organic matter did not change (figure IV.9), it means that the amount of biofilm was

increasing too.
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Figure IV.9: Evolution of the percentage of organic matter (OM) in TS samples in function of biofilm
age in days for the experiments without CaCO3 (T1) and with CaCO3 (T2).

So the fouling obtained with water without calcium carbonate (T1) is mostly formed of organic

matter (OM) whereas that obtained with water with calcium carbonate (T2) is mostly formed of inorganic

matter (IM). To compare the development of biofilm with and without calcium carbonate, it is necessary

to follow the evolution of the quantity of volatile solids (VS) in mg/cm2 which represents the quantity

of biofilm in the sample. Figure IV.10 shows the amount of VS contained in the total solids (TS) for
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experiments T1 and T2 according to biofilm age in days.
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Figure IV.10: Quantity of volatile solids (VS) contained in the total solids (TS) for experiments T1 and
T2 according to the biofilm age in days.

In the figure IV.10 as in figure IV.8 it is observed that the results can be divided into two parts. In

figure IV.10 the two part are from day 7 to day 21, and from day 21 to day 42. During the 42 days of

experience the curves of VS for T1 and T2 follow the same trend (increase in VS values, stabilization,

etc.). From day 7 until day 21, the amount of VS was even very close (at day 21 the values of VS is

0.008 mg/cm2 for T1 and 0.007 mg/cm2 for T2) (figure IV.10).

It can be considered that this period of 21 days corresponds to the initiation phase of the biofilm.

The same period has also been demonstrated for the TCR experiments at the same shear stress (0.7 Pa)

(figure IV.4). But in the TCR this period was a little longer (28 days) knowing that it is not the same

amount of COD that is used in the 2 experiments (here 200 mg /l in the TCR experiments around 30 mg

/ l) (section II.2.7.1 and section II.3.3).

After 21 days in both experiments, an exponential phase of the biofilm development is observed.

The exponential phase initiates between day 21 and day 28 for the experiment without CaCO3 (T1), and

the amount of VS increased from 0.008 mg/cm2 to 0.03 mg/cm2 respectively. For the experiment with

CaCO3 (T2), the exponential phase comes after or, put differently, the initiation phase is longer than in

T1. The exponential increasing of the amount of VS initiates between day 28 and day 35, and the value of

VS increases from 0.009 mg/cm2 to 0.019 mg/cm2, respectively. The extension of the initiation phase

in T2 may be due to the large amount of mineral material present in the sample. But in all cases from

day 21 until the end of the experiment, the quantity of organic matter in T1 becomes much greater than

that in T2. At day 42, the amount of VS for T1 is 0.046 mg/cm2, whereas for T2 it is 0.022 mg/cm2,

or almost double. From day 35 in both experiments with calcium carbonate (T2) and without calcium
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carbonate (T1), a stabilization of biofilm development is observed. This shows perfectly the sigmoid

curve of biofilm kinetics growth described by Belkhadir et al., (1988)[30].

In order to explain this difference according to biofilm development, a measurement of the COD

concentration was carried out 3 times per week (COD graphs can be found in Annex A.13). It can be

confirmed that the difference between the two experiments is not due to the amount of carbon oxygen

demand (COD) (explications can be found in the Annex A.13).

The only explanation is, that calcium carbonate precipitation has a negative effect on biofilm

development. Apparently, once precipitated, calcium carbonate acts as mineral particles in suspension.

Several studies have worked on the effect of mineral particles on biofilm development (Gjaltema et

al., 1997 a-b[120]-[121]; Derlon et al., 2008[78]). The reduction of biofilm development when adding

particles is probably due to the abrasion phenomenon and/or to the presence of particles within the

biofilm which makes it less likely to attach to the surfaces.

Gjaltema et al., (1997 a-b)[120] [121] found that abrasion of the biofilm surface is caused by

its collisions with particles and that the abrasion rate and particle size are proportional. Derlon et al.,

(2008)[78] exposed colonized straps to particle abrasion tests. Only the surface of biofilm was influenced,

with a significant decrease of the total solids concentration.

In this study, the operating conditions did not allow calcium carbonate to attach to the walls of the

pipes or drippers and to improve biofilm development. A calculation of the yield rate (Figure IV.11) may

also explain the curves in figure IV.10. The COD values allow us to calculate the yield rate (Eq.IV.1).

The calculation of the yield rate (Y) Figure IV.11 shows the yield rate production of biofilm linking the

amount of biofilm produced weekly (in mg) to the quantity of chemical oxygen demand consumed (in

mg) during the same period (one week).

For the first experiment, in which there is no calcium carbonate (T1) the yield rate increases from

0.002 at day 7 to 0.051 at day 28. From day 28, a stabilization of the yield rate is observed. The values

for days 35 and 42 are equal to 0.051 and 0.048, respectively. For the second experiment where there is

calcium carbonate (T2), the yield rate increases from 0.007 at day 7 to 0.02 at day 14. From day 14, a

stabilization of the yield rate is observed but with significant fluctuations. Y is between 0.018 and 0.027.

At the beginning of the experiments (day 7 and day 14) no significant difference is observed. From day

21, the yield rate in T2 was around 50% less than T1. Since the consumed quantity of COD was the

same in both experiments, the difference is only due to the quantity of biofilm which is produced.
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Figure IV.11: Yield rate corresponding to the amount of biofilm produced weekly over the quantity of
chemical oxygen demand consumed during the same period in the case of T1 and T2.

IV.2.2 Characterization of the fouling by DRX and TGA.

X-ray diffraction (XRD) is used to detect any possible mineral precipitation in T1 and in T2 to de-

tect the crystalline form of calcium carbonate precipitation. Thermogravimetric analysis (TGA) is used

to ascertain whether, as previously, there is a link between the amount of organic material formed and

the amount of precipitated calcium carbonate.

The procedures done to characterize the fouling by XRD and TGA were the same as in figure

IV.8. The measurements of volatile solids (VS) show that fouling developed from the experiment with-

out calcium carbonate (T1) contains a majority of organic matter (OM) while the fouling developed from

the experiment with calcium carbonate (T2) contains more inorganic matter (IM).

From each experiment, four samples of fouling were analyzed: total solids (TS) and inorganic

matter (IM) samples at the age of biofilm of 1 and 4 weeks.

Results from DRX highlight the presence of calcium carbonate in the form of calcite from the first

week in all the samples even from fouling developed without calcium carbonate (DRX graphs are found

in Annex A.14).

Knowing that the solution is only formed of demineralized water, glucose, phosphoric acid and

ammonium chloride (section II.3.3), calcium carbonate could be formed and precipitated by the bacteria

in the form of calcite. The conductivity of the demineralized water is not zero (0.5 µS/cm), and it always

contains calcium and dissolved carbonate ions in trace elements.

According to the results, these ions even at very low concentrations can precipitate as calcium
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carbonate. As already observed in Taylor-Couette reactor (TCR) (part IV.1 of this chapter), calcium ions

can be trapped in the matrix of the biofilm, which facilitates its precipitation.

The DRX being a qualitative and a non-quantitative method, the area of the peak is not propor-

tional to the amount of calcite present in the sample. It is rather proportional to the crystallization rate

which is much more pronounced in week 4 (Figure IV.12). Figure IV.12 shows diffraction peaks of

TS sample obtained from experiment without calcium carbonate at an age of biofilm of 1 week (figure

IV.12.a) and 4 weeks (figure IV.12.b).The most intense peak of calcite is at 29.5 in 2θ position (number

1 above peak).

Knowing that at week 4 the quantity of biofilm is higher than at week 1 (figure IV.10), a link

can be established between the quantity of organic matter (OM) and the quantity of precipitated calcium

carbonate.
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IV.12.a: at week 1
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IV.12.b: at week 4

Figure IV.12: Diffraction peaks of sample total solids (TS) from experiment without CaCO3 at week 1
(a) and at week 4 (b).
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To better underline this link, TGA is made on the same samples and on samples from the experi-

ment with CaCO3.

Table IV.2 shows TGA results for the total solids (TS) of the experiment without calcium carbon-

ate (T1) and with calcium carbonate (T2) at one week and four weeks of biofilm age. As for table IV.1,

the study of the mass loss was divided into 2 parts: from 0◦C to 550◦C where the mass losses represent

the percentage of organic matter (OM) present in the sample and from 600◦C to 850◦C where the values

in percentage represent the mass losses that occurred after calcium carbonate decomposition. The per-

centage of calcium carbonate in the sample was calculated as in table IV.1.

For the interpretation of table IV.2 it is better only to compare between the percentage of OM and

the percentage of calcium carbonate because since the water quality is not the same (with and without

calcium carbonate) it is sure that the percentage of OM will not be the same.

For the experiment without calcium carbonate, the percentage of OM at week 1 is equal to 49.72%

while it is equal to 48% at week 4. For the experiment with calcium carbonate the percentage of OM at

week 1 is equal to 9% while it is equal to 7.5% at week 4. No explanation can be given concerning the

percentage of OM for week one and week 4 since in figure IV.10 at week 4 the percentage is higher than

at week 1. The percentage of OM cannot be compared between table IV.2 and figure IV.9 for the same

reason explained in paragraph IV.1.3.2.

What is most important to see is that there is a big difference in the values of OM between T1 and

T2, and the percentage of calcium carbonate is proportional to the quantity of OM for each experiment:

• For TS sample without calcium carbonate:

– At week 1: the percentage of calcium carbonate corresponding to 49.72% of OM is 19.84%;

– At week 4: the percentage of calcium carbonate corresponding to 48% of OM is 15.9%.

• For TS sample with calcium carbonate:

– At week 1: the percentage of calcium carbonate corresponding to 9.15% of OM is 87.99% ;

– At week 4: the percentage of calcium carbonate corresponding to 7.48% of OM is 87.17%.

Table IV.2: Mass loss in percentage between 0◦C- 550◦C, 600◦C- 850◦C for fouling at age one and 4
weeks fed from tanks 1 and 2, and an estimation of the percentage of calcium carbonate in each sample.

TS samples Mass loss % Mass loss % Percentage of calcium carbonate
(0◦C- 550◦C) (600◦C- 850◦C) in the sample

from total mass
Without calcium carbonate at week 1 49.72 8.69 19.84
Without calcium carbonate at week 4 48 7 15.9
With calcium carbonate at week 1 9.15 38.54 87.99
With calcium carbonate at week 4 7.48 38.18 87.17
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The percentage of calcium carbonate in the sample was calculated based on Li et al., (2013)[172] (see

paragraph IV.1.3.2). TGA was also used on the inorganic matters (IM) after passing the total solids (TS)

in an oven at 550◦C for 2h (Annex A.4).

The analyzed sample is taken from the experiment with calcium carbonate at 6 weeks of biofilm

age. The objective is to detect the release of CO2 due to the decomposition of calcium carbonate in the

temperature range of 600◦C - 800◦C. Since the molar mass of CO2 is equal to 44, TGA thermal curve

and chromatogram show the characteristic peak for the ion having a specific mass-to-charge ratio (m/z)

or Thomson equal to 44 figure IV.13. According to Basler and Morill, (1998)[255], CO2 is one of the

most common elements that have an m/z = to 44. In this figure, the peak is clearly observed at 775◦C.

The arrow shows the corresponding peak.

Figure IV.13: Simultaneous TGA/MS thermal curves of the IM of for tank with calcium carbonate at an
age of 6 weeks.

Since an IM sample is formed solely from inorganic matters (IM), it is possible to take into

consideration the mass loss carried out over the entire temperature range (600◦C -800◦C). The mass loss

being 40.76%, it can be deduced that the T2P6 IM sample contains 93% of calcium carbonate. This

has also been confirmed by XRD (figure IV.14) where only the diffraction peaks of calcite is observed.

For the other samples, the results of the DRX and TGA can be found in Annex A.14 and Annex A.15,

respectively.
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Figure IV.14: Diffraction peaks of the inorganic material (IM) for experiment with calcium carbonate at
a biofilm age of 6 weeks.

It has been seen that calcium carbonate, once precipitated, has a negative effect on the biofilm

development inside pipes due to its behavior like mineral particles and which may have an abrasive

effect. While precipitation of calcium carbonate is favored by the presence of organic matter (OM) and

the calcium ions which are already in the water even at very low concentrations and can be trapped by

EPS. In the following section, the effect of precipitation of calcium carbonate on biofilm development

will be studied at the level of drippers.

IV.2.3 Effect of calcium carbonate precipitation on biofilm development

and dripper clogging.

In complement of the first study which were focused on pipe fouling analysis, in this paragraph the

objective is to study the effect of the presence and absence of calcium carbonate on biofilms development

and on the rate of fouling in drippers. The drippers used are NPC2 (chapter II) having a nominal flow rate

of (2 l/h) under a working pressure of 1 bar. Each week one pipe of each experiment was removed for

biofilm collection and then replaced with a new one. Each pipe has 6 drippers, which were also replaced

by new ones. In this case, two repetitions were made for each experiment. Each experiment work with

36 drippers but not all the 36 reach the end of the experiment (chapter II). Table IV.3 shows for each

biofilm age how many drippers have been measured. For two repetitions, the number is multiplied by 2.
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Table IV.3: Total number of drippers measured at each biofilm age in days for one repetition of one
experiment.

Age of biofilm in days 7 14 21 28 36 42
Total number of drippers 36 30 24 18 12 6

The two repetitions will be represented at the same time, which means that for each experiment 72

drippers were followed over 7 weeks but for a different biofilm age. Only 12 drippers in each experiment

will reach 42 days of biofilm age. The dripper flow rates were measured 3 to 4 times per week making a

total of 705 ± 12 measurements for each experiment. Over the 705 measurements, 31 ± 1 measurements

were less than 1.4 `/h in both cases, giving a percentage equal to 4.2%. A dripper is considered to be

clogged if the flow rate is less than 70% of the initial flow rate (Gilbert et al; 1979[117]), i.e. if a dripper

drops 1.4 `/h or less.

IV.2.3.1 Irrigation uniformity

At the level of an irrigation plot, what really interest the farmer in terms of irrigation performance,

is the uniformity of distribution. It is affected among others by dripper discharge coefficient of variation

(CV) which can be expressed in percentage:

CV (%) = 100× σ

X
(IV.2)

With σ: standard deviation of dripper flow rate at a specific time (t) and X: average flow rate at the same

time (t).

In this study the statistical uniformity (SU) will be used and it is expressed as follow (Mansour

and Pibras 2015[272]):

SU = 100 (1− CV ) (IV.3)

Figure IV.15 shows the statistical uniformity for the experiments without (T1) and with (T2)

calcium carbonate as a function of the biofilm age. The two repetitions are represented at the same

time on the same graph.
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Figure IV.15: Statistical uniformity in % as a function of the biofilm age for the experiments without (T1)
and with (T2) calcium carbonate.

According to Figure IV.15, results can be divided into two parts: i) From day 0 until day 20 and

ii) from day 20 until day 42.

i) Large fluctuation due to clogging which is fragile and can be driven out by the starting cycles,

ii) Much more fluctuation and a significant decrease in the percentage of SU which is due to clogging.

Figure IV.15 shows that the coefficient of uniformity represented by the statistical uniformity is more

affected by the presence of calcium carbonate especially at the end of the experiment. A deeper study of

the flow rate and a optical observation of the drippers is a must to confirm the results.

IV.2.3.2 Flow rate and optical observation of the drippers

The measurement of the flow rate was made according to the method explained in section II.3.2.

The observation of fouling with a microscope is very important and constitutes a step in the analysis

and characterization of clogging. Nine drippers from each experiment were visualized. Drippers were

opened and the deposits were observed using an Olympus BX43 microscope using a 10X magnification.

In this study only four will be discussed and analyzed. The other pictures and discussions can be found

in Annex A.16.

Figure IV.16 shows the evolution of the flow rate of each dripper in scatter as a function of the

biofilm age for the experiment without calcium carbonate (T1) and with calcium carbonate (T2) figure

IV.19. Drippers with different marker shapes are those which have been observed under an optical
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microscope. The results will be divided into 2 sections. Those that have been done without calcium

carbonate and those that have been done with calcium carbonate.

Experiments run without calcium carbonate:
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Figure IV.16: Evolution of dripper flow rate as a function of time for the experiment without calcium
carbonate (T1).

In figure IV.16, it can be observed that over 42 days of biofilm age only 7 drippers over 72 drippers

had an average flow rate less than 1.4 `/h. Only one dripper totally clogged (average flow rate = 0 `/h)

since day 2 probably due to physical clogging. For the others, the average flow rate began to decrease

since day 7. Two of them ended up with a flow rate of 0 `/h one at day 12 and the other at day 33. After

day 35, no dripper had a flow rate below 1.4 `/h.

Figure IV.17 shows the dripper with triangle marker (Figure IV.16) observed with an optical mi-

croscope. This dripper has an average flow rate equal to 1.428 `/h at the end of the experiment (35 days).

It is observed that biofilm is accumulated in the central zone (a and b) with strong biofilm development

in the first baffle (c). Few biofilm accumulation is observed at the labyrinth exit (d).
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IV.17.a: IV.17.b:

IV.17.c: IV.17.d:

Figure IV.17: Photos of the dripper with a triangle marker shapes showing the location of fouling inside
dripper.

Another dripper having an average flow rate of 1.854 `/hwas also observed (figure IV.18). Figure

IV.18 shows that biofilm development was only in the central zone of the dripper and no biofilm was

found on the first baffles.

IV.18.a: IV.18.b: IV.18.c:

Figure IV.18: Biofilm development at the center of the dripper (a), preferred furrow / flow within the mass
of biofilm formed in the central zone (b), presence of biofilm in the exit channel of the labyrinth (c).

In both cases (figure IV.17 and figure IV.18), biofilm development was observed in the central

zone of the dripper. The difference between these two figures is the presence of biofilm in the first baf-

fles. This caused the difference between the flow rate (1.854 `/h for the dripper presented in Figure

IV.18 and 1.428 `/h for the one presented in Figure IV.17).

It was found that the drippers are mostly vulnerable to clogging in the rst bafes where the turbu-

lence quantities are weak especially in the vortex region where the velocity of the fluid is low (Gamri

et al., 2013[111]; Al Muhammad 2016[10]). Gamri et al., (2013)[111] studied the same dripper type

(NPC2) and they highlight that the areas with low velocity correspond to those where the biofilm begins
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to develop. In NPC2 drippers biofilm begins to develop essentially on the central circles, this has also

been observed in our results.

Experiments runs with calcium carbonate:
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Figure IV.19: Evolution of dripper flow rate as a function of time for the experiment with calcium car-
bonate (T2).

In figure IV.19 drippers do not follow the same trend as in figure IV.16 (experience without

CaCO3). No drippers was totally clogged before day 10, this shows that initiation and development

of biofilm takes longer in the presence of calcium carbonate. After 10 days, three drippers were totally

clogged (average flow rate = 0 `/h). Over 42 days of biofilm age only six drippers over 72 had an average

flow rate less than 1.4 `/h.

First observation: The number of drippers clogged in the experiment with calcium carbonate (6

drippers) and without calcium carbonate (7 drippers) can be considered as being the same, however, the

decrease in the percentage of SU (Figure IV.15) has been shown more clearly in the case where there is

calcium carbonate.

According to Table IV.3, the number of drippers decreases each week to arrive at the end of the

experiment with 12 drippers (adding the two repetitions together). Which means that the clogged drip-

per in the experiment with calcium carbonate almost all reached age 42, which means that the ratio of

clogged dripper / not clogged dripper in the experiment with calcium carbonate is higher than the ratio

obtained without calcium carbonate.

Two clogged dripper were opened and observed with an optical microscope. The dripper with a

diamond marker shapes has a flow rate of 1.302 `/h at the end of the experiment (day 7) will be shown

in Figure IV.20. The dripper with a square shapes has a flow rate of 0 from day 19 until the end of the
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experiment will be shown in Figure IV.21.

Drippers in Figure IV.20 and Figure IV.21 both are clogged and no biofilm was detected in the

central zone. Biofilm accumulation was only detected with chemical precipitation at the 1st and 2nd baffle

of the labyrinth (whitish biofilm with a granular appearance). This underline also which was deduced in

the case of the drippers of Figure IV.17 and Figure IV.18. Which says that the decrease of the dripper

flow rate, even up to a total obstruction, is due to the presence of biofilm only in the first baffles.

IV.20.a: IV.20.b: IV.20.c:

Figure IV.20: Global view of the dripper with a diamond marker shapes (a), presence of whitish granular
fouling in the central zone (b), residue at the 1st baffle (c).

IV.21.a: IV.21.b: IV.21.c:

Figure IV.21: Global view of the dripper with a square marker shapes where no biofilm is found in the
central zone (a), presence of biofilm in the 2nd baffle (b), calcium carbonate precipitation in the 8th baffle
(c).

Second observation: The absence of biofilm in the central zone in the presence of calcium car-

bonate.

As seen above (section IV.2.1), calcium carbonate acts like mineral particles and has an effect on

the abrasion of the biofilm. Biofilm tends to develop firstly in the central zone. The unique presence of

the biofilm with calcium carbonate in the first baffle is probably due to the abrasive effect of the calcium

carbonate. CaCO3 detached biofilm from the central zone. The biofilm is then stuck in the small cross

section of the labyrinth causing its clogging. So the clogging of drippers is mainly due to the presence

of biofilm but the presence of calcium carbonate in this case aggravated the situation.
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Concerning the interaction between mineral particles, biofilms and detachment Moinul Hosain

et al., (2014)[196] emphasize the fact that EPS has the ability to accumulate mineral particles. This

increases the volume of biomass. When the size increases the hydrodynamic forces of the water also

increase until part of the biomass is detached. After losing some of its parts, the biofilm biomass regrows

again until a substantial biomass blocks the dripper flow. This study validate our results but there is no

other work focusing on this subject which remains an important perspective to exploit.

Third observation: The presence of the calcium carbonate in parallel with the biofilm in a dripper

creates fluctuations in the flow rate (only one case will be presented).

The dripper presented in figure IV.21 works for 42 days and its flow rate decreases from day 10.

The value of the flow rate decreased from 1.97 `/h at day 10 until 0.33 `/h at day 17. Then it increased

to 1.47 `/h at day 19 and decreased to 0 `/h until the end of the experiment.

According to figures IV.16 and IV.19, there are more flow rate fluctuations in the case of the ex-

periment with calcium carbonate. This is due to the fact that dripper can be clogged at a time and then

be unclogged due to a change of fouling location inside the dripper due to calcium carbonate particles.

IV.2.4 Conclusion

In this part IV.2 of the chapter IV, an irrigation set-up was implemented to develop biofilm inside

LDPE pipes under a shear stress of 0.7 Pa and NPC2 drippers under a shear stress between 2.2 and 4.4

Pa. Two series of experiments were followed in parallel in the same conditions but having different

water quality. In order to study the effect of calcium carbonate (CaCO3) on biofilm development, one se-

ries runs with a synthetic water containing a solution of calcium carbonate formation precursors (CaCl2

and NaHCO3) and the other does not contain this solution. Table IV.4 contains some important points

revealed in this part of the chapter depending on whether the fouling is inside a dripper or a pipe and

according to whether the fouling is developed with calcium carbonate or not.

Table IV.4: Summary of the calcium carbonate /biofilm interaction study in pipes and drippers when
using synthetic effluent with and without CaCO3.

Pipes Drippers
With CaCO3 Without CaCO3 With CaCO3 Without CaCO3

TS > TS Flow fluctuation > Flow fluctuation
%OM < %OM Flow rate > Flow rate

VS < VS # of clogged drippers < # of clogged drippers
Y < Y SU < SU

Labyrinth Central zone
Clogging (time) < Clogging (time)



PART IV.2. EFFECT OF CALCIUM CARBONATE PRECIPITATION 153

Taking into account the results of Table IV.4, the most important conclusion is that calcium car-

bonate has a negative effect on the biofilm development:

- Concerning the pipes part: calcium carbonate particles play an abrasive role, and influence the

attachment of the biofilm to the support (lower percentage in OM and in the mass of VS comparing

to the ones with CaCO3.

- Fluctuation of the flow rate and the delay in the clogging of drippers is observed in the presence of

calcium carbonate.

At the level of drippers, several contradiction can be emphasized especially concerning data between:

i) Flow rate and location of the fouling: it has been demonstrated that the fouling located in the

labyrinth decrease more the flow rate than the fouling located in the central zone. The few drippers

totally clogged due to the presence of biofilm in their labyrinth does not affect the general flow

rate.

ii) Statistical uniformity and number of clogged drippers: The drippers that have been clogged from

the 10th day of experimentation (figure IV.19) are those that have remained until the end. At the

end of the experimentation the total number of drippers decreased from 72 until 12 which affect

the value of SU (%).

The whole plot must be looked at in order to study the performance of an irrigation system. According

to the results, water irrigation uniformity is better with biofilm clogging than with biofilm and chemical

precipitation but several repetitions must be done to confirm the results.



Conclusion and perspectives:

The objective of this thesis study is to contribute to the understanding of the mechanisms that in-

duce chemical precipitation and biofilm development using treated wastewater for micro-irrigation. The

impact of the pH, temperature and partial pressure of CO2 on chemical precipitation, the effect of shear

stress on biofilm development and the effect of calcium carbonate on pipes fouling and drippers clogging

was particularly studied in this work.

Different experimental and numerical approaches have been realized in order to characterize the

chemical precipitation and to be able to couple the various parameters that can influence the solubility

of the salts in water. The first part of the work consisted in characterizing experimentally the chemical

precipitation from a qualitative and quantitative point of view. The effect of pH and temperature on

chemical precipitation will be also studied. Precipitation experiments were carried out in batch reactors

using filtered treated wastewater. Thus, the influence of suspended solids on precipitate weight is elimi-

nated. When the temperature and pH increased the mass of the precipitate increases too. The analyzing

of the precipitate using the DRX and the TGA highlight the presence of calcium carbonate in the form

of calcite. It was being the most abundant precipitate found in all the precipitate samples.

The results and data of the chemical precipitation allows to validate and calibrate a geochemical

software. PHREEQC enables us to predict the quantity and the quality of chemical precipitation for a

water quality under different operating conditions without passing each time through laboratory exper-

iments. Using PHREEQC software, the effect of partial pressure of CO2 on the precipitation of calcite

could be studied. Experimentally, following and studying this parameter was difficult for us to do it as for

the saturation index which can only be calculated by a software. All PHREEQC calculations are based

on the saturation index value of each element using the Debye Huckel equation since the ionic strength

(I) is less than 0.01M.

If the SI is positive the element has the ability to precipitate. PHREEQC also showed that calcite

is the most abundant precipitate using Mauguio WWTP effluent. The saturation index of calcite was

calibrated to obtain the same weight of calcite as in the laboratory experiment.

According to the results, calcite begins to precipitate when the value of SI exceeds a certain pos-
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itive threshold value. This value can be reached more easily in a closed system where the water is not

in equilibrium with atmospheric CO2, and also by increasing pH and temperature. The effect of atmo-

spheric CO2 was also investigated. In an open system, i.e., in equilibrium with CO2, the solubility of

calcite increased due to a constant supply of CO2. To minimize calcite precipitation in irrigation, water

should be stored in open reservoirs at a low temperature and a low pH.

The second part of this thesis work involved in the implementation of experimental set-ups in

order to study: i) in a Taylor-Couette reactor, the effect of shear stress on biofilm development in parallel

with the chemical precipitation using real TWW and ii) inside pipes and drippers the interaction of cal-

cium carbonate on the biofilm development using a synthetic wastewater.

The Taylor-Couette reactor (TCR) is known to give well-controlled shear stress values. According

to the results the more the shear stress increases the more biofilm development is advantageous. Three

shears stresses found in micro-irrigation system were studied. 0.7 Pa is a shear stress that can be found in

pipes and 2.2 and 4.4 Pa are shears stresses that can be found in drippers. By increasing the shear stress

biofilm becomes denser and more compact so it can resists to hydrodynamic conditions changes. From

the measurements of the XRD and the TGA the biofilm has the ability to precipitate calcium carbonate

and the more the fouling contain organic matter the more precipitation is promoted.

The effect of calcium carbonate on pipes fouling and drippers clogging was demonstrated using an

irrigation set-up. Two synthetic wastewater was used. The difference between these two waters quality

is that in one of them calcium carbonate was added. The fouling inside pipes in the presence of calcium

carbonate is much higher than in the case where there is no calcium carbonate. An analysis of the foul-

ing composition put into evidence the higher quantity of organic matter in the sample developed without

calcium carbonate.

The presence of calcium carbonate as a precipitate in large quantities has a negative effect on

biofilm development. The calcium carbonate particles can play an abrasive role and influence the attach-

ment of the biofilm to the support. This can be also observed at the level of drippers. At the beginning of

the experiments, calcium carbonate also does not favor the biofilm development and induces fluctuations

in the drippers flow rate. The biofilm began to develop mainly in the central zone of the dripper. When

a detachment occurs biofilm settles in the baffles and obstructs water passage. The biofilm wedged in

the baffles will favor the accumulation of calcium carbonate which will aggravate more the clogging.

According to the results, water irrigation uniformity is better with one type of clogging and not two.

Further experiments carried out with other water qualities seem necessary in order to better cal-

ibrate the modeling done with PHREEQC. The study could serve as a database for farmers to check

whether their water is likely to be used for irrigation and whether there is a risk of chemical precipita-

tion. In this case, necessary measures could be programmed like for example, acidification in order to

lower the saturation index below the precipitation threshold without acidifying too much the irrigation
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water and harmful the soil and plants.

In bioprocesses, modeling of biofilm development is generally based on substrate concentration,

often based on the Monod equation, which is the oldest model (Monod, 1958)[198] and the most widely

used. The Monod equation can thus be modeled by PHREEQC. An interesting case of study would

be to investigate the modeling of biofilm growth with chemical precipitation by varying the operating

conditions. In this study, the novelty is the studying of biofilms development in a Taylor-Couette reactor

using real wastewater. Experimentally studying the effect of pH and temperature in a TCR would be an

innovative and interesting idea to compare with numerical modeling.

Further experiments using the confocal laser scanning microscope, and/or Optical Coherence To-

mography (OCT) seem to be necessary to pursue the development of the biofilm closely regarding biofilm

thickness, density and structure and to be able to detect and to understand the chemical precipitation. It

would also be interesting to follow as closely as possible the interaction between biofilm and chemical

precipitation by visualizations using cameras on transparent drippers for example taking care not to de-

velop algae.

The path leading to the understanding of all the interactions involved in the clogging of drippers

and fouling of pipes using treated wastewater remains long despite extensive studies in this field. Our

experiments have brought very interesting results which can be used for other studies on the reuse of

wastewater in irrigation, a subject which is becoming more and more useful to study given the hydro-

ecological and biodemographic problems which become more widespread over time and affect more

than half of the planet.





Chapter V

Résumé détaillé en Français
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Part V.1

Contextes et Objectifs de la thèse:

La micro-irrigation est la technique la plus adaptée dans le contexte de la réutilisation en irrigation

des eaux usées traitées. Dans les pays arides, semi-arides et en voie de développement l’utilisation de

ces eaux pour l’agriculture semble être une alternative efficace face au problème de la pénurie en eau.

Dans le monde environ 70% des eaux usées traitées sont utilisées pour l’agriculture (Kalavrouziotis et

al., 2011[145]). Mais avant toute utilisation des réglementations internationales et nationales ont été

mises en place pour limiter le risque sanitaire lié à l’utilisation des eaux résiduaires urbaines traitées

pour l’irrigation de cultures et d’espaces verts (Directives de l’Organisation Mondiale de la Santé pour

l’utilisation sans risques des eaux usées, 2006).

D’autres recommandations et normes sont aussi à prendre en compte concernant la qualité des

eaux pour une utilisation en micro-irrigation. Même si la micro-irrigation offre plusieurs avantages tant

de point de vue économique et que de celui environnemental, ceci n’empêche pas la présence de certains

inconvénients tels le colmatage des goutteurs et l’encrassement des conduites d’irrigation. Nakayama

and Bucks, 1980[204] ont établi une grille pour lier la qualité de l’eau au risque de colmatage. Dosoretz

et al., 2011[85] ont identifié trois types de colmatages des goutteurs qui sont liés ou non entre eux.

Il est cependant clair que le colmatage physique est dû à l’accumulation de matière en suspension,

le colmatage biologique au développement de biofilms et celui chimique à la précipitation de composés

chimiques présents dans l’eau.

Le colmatage des goutteurs est directement lié à plusieurs paramètres dont la qualité de l’eau, les

conditions hydrodynamiques à l’intérieur du goutteur et les conditions opératoires. En particulier des

concentrations élevées de matières en suspension, de nutriments (carbone, azote, phosphore, etc.) et de

certains ions (Ca2+, Mg2+, Mn2+. . . ) peuvent, sous des conditions de pH et de température déterminées

engendrer les développements de biofilms et la précipitation de sels (Adin et Sacks, 1987[5]). La

géométrie des goutteurs a aussi un effet remarquable sur le colmatage de ceux-ci (Taylor et al., 1995[273]).
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De même les conditions hydrodynamiques, comme la vitesse d’écoulement et les contraintes de cisaille-

ment ont un effet notable sur le développement des biofilms (Ravina et al., 1992[240]).

La température, le pH et la pression partielle en CO2 sont les principaux facteurs physico-chimiques

rencontrés en micro-irrigation. Des variations de température de l’eau peuvent atteindre 50◦C pendant

les jours d’été à l’intérieur des conduites noires en polyéthylène (PE) (Qian et al., 2017[237]). Le

changement du pH sont tributaires de la concentration en CO2 dans l’eau, de la dégradation microbi-

enne (fermentation, photosynthèse . . . ) et aussi de l’injection de fertilisants dans l’eau (Imas and Cohen

2009[136]), tandis que la pression partielle en CO2 dans l’eau est directement liée à la température (Loi

de Henry). Plus la température augmente plus la solubilité du CO2 diminue ce qui induit une augmen-

tation du pH. Ceci prouve que le pH, la température et la pression partielle en CO2 sont liés et affectent

les mécanismes de précipitation chimique. La pression partielle du CO2 dans l’eau et son effet sur les

mécanismes de précipitation, est liée aussi à la pression qui est exercé sur cette eau (système d’irrigation

sous pression i.e. micro-irrigation) elle dépend aussi du système dans lequel cette eau se trouve: Système

fermé (eau non en équilibre avec le CO2 atmosphérique) ou système ouvert (eau en équilibre avec le CO2

atmosphérique).

Quand l’eau d’irrigation est directement pompée dans le système de distribution elle se trouve

dans un système fermé. Par contre si elle sort du goutteur ou qu’elle soit mise avant utilisation dans des

réservoirs, elle se trouve dans un système ouvert.

L’objectif principal de cette thèse consiste à apporter de nouveaux éléments sur le colmatage

des goutteurs et sur l’encrassement des conduites à l’échelle du laboratoire, dans des conditions bien

contrôlées dans l’objectif de la réutilisation des eaux usées traitées en irrigation.

Le travail a été réalisé au sein de l’Institut national de Recherche en Sciences et Technologies

pour l’Environnement et l’Agriculture (IRSTEA) (UMR Geau) et au laboratoire M2P2 (Mécanique,

Modélisation et Procédés Propres, AMU-CNRS) afin d’étudier les mécanismes du colmatage chimique

et biologique et leurs interactions en micro-irrigation.

Le travail est divisé en trois parties : La première partie aborde la problématique des bancs d’essais

et des conditions d’expérimentation qui ont été prises en compte dans cette étude. La deuxième porte

sur les résultats expérimentaux et numériques quant à la précipitation chimique en utilisant une eau usée

traitée. Et enfin la troisième partie se concentre sur le développement du biofilm et l’interaction de

celui-ci avec la précipitation du carbonate de calcium.



Part V.2

Matériels et méthodes

Dans ce chapitre l’objectif est de présenter les différentes démarches et analyses dans le but

de comprendre et d’identifier et de caractériser les paramètres qui affectent précipitation chimique,

développement des biofilms et l’interaction entre les deux avec l’utilisation d’une eau usée traitée pour

satisfaire les conditions d’emploi en micro-irrigation, une série d’expérimentation sur banc d’essai a été

faite.

Qualité de l’eau

L’eau usée traitée utilisée provient de la sortie d’un traitement tertiaire de la station d’épuration

des eaux usées de Mauguio. Les paramètres physicochimiques de l’effluent sont listés dans le tableau

V.1.

Précipitation chimique au laboratoire

L’objectif est de déterminer la quantité et la qualité de la précipitation chimique sous des condi-

tions de micro-irrigation en utilisant l’effluent de la STEP de Mauguio.

Une précipitation chimique au laboratoire utilisant l’eau citée a été faite dans des séries de réacteurs

ouverts à l’air libre avec la possibilité d’augmenter température et pH. L’eau a été au préalable filtrée à

0.45 µm afin d’éliminer toutes les matières en suspension et la plupart des bactéries. Quatre valeurs de

pH (8, 8.5, 9, 9.5) et deux températures (22◦C et 55◦C) ont été testées. Une solution d’hydroxyde de

sodium 0.1M fut utilisée pour augmenter le pH. L’augmentation de la température fut réalisée à l’aide
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d’un bain réglé au thermostat.

Table V.1: Paramètres physicochimiques de l’effluent de la STEP de Mauguio.

Paramètres valeurs Paramètres valeurs 

T (°C) 17 N Kjeldhal (mg Ntot/ L) 2,31 

Turbidité 2,03 Fluore (mg/L) < 0,50 

pH 7,8 Aluminium (�g/L) < 20 

Conductivité (�S/cm) 1270 Br (mg/L) 0,18 

TDS (mg/L) 1241,7 B (mg/L) 0,14 

Dureté (mg/L) 223 Ba (mg/L) <0,05 

Alcalinité (mg/L) < 20 Cd (mg/L) <0,005 

TAC (mg/L) 261 Cu (mg/L) <0,02 

Ammonium (mg/L) 0,37 Fe (mg/L) <0,05 

Nitrates (mg/L) 9,8 Mn (mg/L) 0,03 

Nitrites (mg/L) 0,17 Li (mg/L) <0,02 

Phosphores (mg Ptot/ L) 0,17 Pb (mg/L) <0,05 

Mg (mg/L) 7 Si (mg/L) 12 

Ca (mg/L) 133 Sr (mg/L) 0,39 

Na (mg/L) 119 Zn (mg/L) 0,03 

Cl (mg/L) 171 DCO (mg/L) < 30 

K (mg/L) 18,1 COT (mg/L) 6,8 

Sulfates (mg/L) 109 MES (mg/L) 5 

Pour récupérer le précipité, l’eau est filtrée sous vide sur du papier filtre à base de microfibres de

verre. Pour mesurer la masse du précipitât, les papiers filtres sont mis dans une étuve à 105◦C, pendant

24h, afin d’éliminer toute trace d’eau et puis pesés à l’aide d’une balance électronique de précision (0.1

mg).

Modélisation de la précipitation avec PHREEQC

Les résultats expérimentaux ont été utilisés pour valider et calibrer un modèle numérique qui per-

mettra par la suite de prédire les quantités et qualités de la précipitation chimique suite à l’utilisation

d’une eau usée traitée pour satisfaire les conditions d’emploi en micro-irrigation.

Le but est de pouvoir prendre les mesures nécessaires pour éviter ou limiter le colmatage des gout-

teurs et l’encrassement des conduites par la précipitation chimique. Les paramètres physicochimiques

de l’eau sont précisés dans la base de données du logiciel PHREEQC. Dans celui-ci le calcul de l’indice

de saturation (SI) (Eq.V.1) de chaque élément s’effectue en utilisant la relation dite de Debye-Huckel

étendue (V.1) (pour une force ionique ¡ à 0.1M) la force ionique (I) de l’eau étant égale à 0.01M :

SI = log

(
IAP
K

)
(V.1)
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lnγi = − Az2i
√
I

1 +Bȧi
√
I

(V.2)

Avec A et B constantes dépendantes de la température, (ȧi) paramètre empirique de taille ionique, z2i la

valence, I la force ionique, IAP produit d’activité ionique et K constante d’equilibre.

SI = 0 reflète l’équilibre entre le minéral et la solution, SI> 0 reflète la sursaturation et la capacité

de précipitation du minéral. Si SI <0, la solution est sous-saturée ce qui provoque la dissolution du sel

(Appelo and Postma, 2005)[19].

Effet de la contrainte du cisaillement sur le développement du biofilm

Un réacteur de Taylor-Couette (RTC) a été utilisé pour étudier le développement du biofilm sous

différentes contraintes de cisaillement contrôlées, caractéristiques des écoulements dans les goutteurs

en régime turbulent. La hauteur du cylindre (h) est de 20 cm, l’entrefer (e) est de 1.3 cm, le rayon

interne R1 est de 10.65 cm et le rayon externe R2 est de 11.95 cm. Le support sur lequel le biofilm se

développera est constitué de plaques de polyéthylène de faible densité (LDPE) (Φ 16 mm). Cinq plaques

sont utilisées pour suivre le développement du biofilm en fonction du temps, chaque plaque occupe une

surface de 243.2 cm2. Les contraintes de cisaillement sélectionnées sont les mêmes rencontrées en micro-

irrigation. Dans une conduite de LDPE de diamètre 16 mm la contrainte de cisaillement rencontrée est

de 0.7 Pa pour une vitesse de l’eau égale à 0.4 m/s (Gamri, 2014[112]). Dans les goutteurs les contraintes

de cisaillement rencontrées sont en général comprises entre 2.2 et 4.4 Pa (Al-Muhammad, 2016[10]).

Les expériences ont été faites en circuit ouvert sur une durée de 8 semaines. La température de

l’eau a été réglée au thermostat à 21◦C, le temps de séjour de l’eau dans le réacteur est de 24h maintenu

à l’aide d’une pompe péristaltique délivrant un débit de 1.38 ml/min. La charge spécifique du réacteur

est de 0.049 mg/jour/cm2. Chaque semaine une plaque est retirée du RTC et son encrassement raclé à

l’aide d’une membrane élastomère puis mis dans des coupelles en céramique pour mesures.

Effet du carbonate de calcium sur le développement du biofilm

Un banc d’irrigation pilote formé de 12 conduites en LDPE (Φ 16 mm) a été mis en place pour

étudier l’effet du carbonate de calcium sur le développement du biofilm dans les conduites et dans les

goutteurs. La vitesse de l’eau est de 0.4 m/s ce qui donne une contrainte de cisaillement de 0.7 Pa. Chaque

conduite est alimentée séparément à partir d’un réservoir contenant une eau usée artificielle. L’eau

utilisée dans ces expérimentations est une eau déminéralisée dont les composants cités dans le tableau

V.2 y ont été dissous. Le tableau V.2 résume la qualité des eaux utilisées dans ces expérimentations.
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Table V.2: Composition de l’eau synthétique dans le réservoir 1 (sans carbonate de calcium) et dans le
réservoir 2 (avec carbonate de calcium).

Composants Concentrations (mg/L)

Réservoir 1 et réservoir 2 Glucose 200

Chlorure d’ammonium 16.28

Acide phosphorique 2.05

Seulement réservoir 2 Chlorure de calcium 369

Bicarbonate de sodium 443.3

L’expérience fut réalisée durant 7 semaines et chaque semaine une conduite de chaque série était

retirée et remplacée par une neuve pour avoir deux répétitions. L’encrassement est raclé à l’aide d’une

membrane élastomère fixée à l’extrémité de l’éprouvette par un fil métallique. L’encrassât est ensuite

mis dans des coupelles en céramique pour mesures. Chaque conduite contient 6 goutteurs de type NPC2

montés en dérivation délivrant un débit de 2 L/h sous une pression de 1 bar. Le suivi du colmatage des

goutteurs se fait par mesure du volume délivré sur une période de 10 minutes.

Caractérisation de l’encrassement

L’encrassement récupéré du RTC et des conduites du banc d’irrigation pilote fut caractérisé par

des mesures sur la matière sèche (MS) et la matière sèche volatile (MVS). La mesure sur la matière sèche

(MS) est faite en faisant passer à l’étuve les coupelles pendant 24h à 105◦C. La matière sèche volatile

(MVS) est obtenue en faisant passer au four les coupelles pendant 2h à 550◦C (matière inorganique

MI). Afin d’identifier les phases cristallines dans l’échantillon une mesure de diffraction aux rayons X

(DRX) a été utilisée. Dans le cas de phases amorphes et de quantification entre matière organique et non

organique l’analyse thermogravimétrique (ATG) a été utilisée.

L’encrassement des goutteurs du banc d’irrigation pilote a été visualisé par un microscope optique.

La localisation du colmatage que ce soit dans la zone centrale du goutteur ou dans les chicanes (première,

dernière. . . ) ou à la sortie du labyrinthe fournit des informations très importantes pour l’optimisation de

l’écoulement dans le goutteur. Un changement des conditions hydrodynamiques à l’intérieur du goutteur

par un changement de sa géométrie peut être une solution anti-colmatage (Wei et al., 2006[288]).



Part V.3

Caractérisation de la précipitation

chimique par des expériences au

laboratoire et numérique

L’objectif de cette étude est de déterminer quelles sont les éléments susceptibles de précipiter

et d’engendrer un colmatage chimique en utilisant une eau usée traitée en micro-irrigation et d’évaluer

l’effet du pH, température et pression partielle du CO2 sur la précipitation chimique et d’utiliser un model

géochimique pour quantifier et qualifier cette précipitation.

Précipitation chimique au laboratoire

La précipitation chimique a été induite en augmentant le pH et la température de l’eau. L’analyse

du précipité avec la DRX et la TGA montre qu’il est formé principalement de carbonate de calcium sous

forme de calcite. Plus la température et le pH augmente plus la masse du précipité augmente. Le pH et

la température jouent un rôle important sur la solubilité de la calcite et du CO2 dissous dans l’eau. Plus

la température augmente plus la solubilité du CO2 diminue ce qui engendre une augmentation du pH de

l’eau. Plus le pH augmente plus la solubilité de la calcite diminue d’après l’équation V.3 (Pepe et al.,

2009[222]) de même plus la température (T) augmente plus le produit de solubilité de la calcite diminue

(équation V.4 (Panthi 2003)[218].
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Figure V.1: Evolution de la masse du précipité en fonction du pH et de la température

Log (SI calcite) = 1.0997pH − 8.0632 (V.3)

pKsp = 0.001183T + 8.03 (V.4)

Caractérisation numérique de la précipitation chimique

Les modélisations réalisées avec PHREEQC ont montré que la calcite est l’élément prépondérant.

L’indice de saturation (SI) de la calcite dans l’eau de Mauguio pour un pH de 7.8 et une température

de 17◦C quoique supérieur à 0 (SI calcite = 0.82) n’entraine pas de précipitation de calcite. La calcite

précipite pour une certaine sursaturation qui ne peut être atteinte que par l’augmentation du pH et de la

température. Le même volume de base (NaOH) et les mêmes températures (22◦C et 55◦C) qui ont été

utilisés pour la précipitation chimique au laboratoire ont été introduits dans PHREEQC. L’objectif a été

d’induire la précipitation numérique de la calcite en calculant le pH et l’SI correspondant, et comparer

les résultats avec ceux expérimentaux. Le but était de pouvoir valider et calibrer le modèle.

Les résultats montrent que les valeurs entre les pH et les SI sont très voisins et en conséquence le

modèle peut être utilisé pour calculer et estimer les précipitations de la calcite sur les plateformes réelles.

Des valeurs de l’indice de saturation de la calcite ont été introduites dans le logiciel pour faire

précipiter la même quantité de calcite comme dans les expérimentations. Les résultats montrent que

pour un pH de 8 à 55◦C l’indice de saturation à partir duquel on observe une précipitation est égal à 1.39
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tandis que pour un pH de 9.5 à 22◦C l’indice de saturation est égal à 2.12.

Pour étudier l’influence d’autres paramètres que ceux des températures et pH, l’effet de la pression

partielle du CO2 sur la précipitation de la calcite a été modélisée par PHREEQC. On remarque que

l’indice de saturation est plus élevé en absence d’équilibre avec le CO2 atmosphérique que ce soit à 22◦C

ou à 55◦C. Pour un volume ajouté de NaOH égal à 9.75 ml et une température de 22◦C le SI de la calcite

est égal à 1.849 dans un système ouvert et 1.94 dans un système fermé. La précipitation de la calcite est

plus élevée dans un système fermé que dans un système ouvert surtout pour un pH et température élevés.



Part V.4

Caractérisation du colmatage biologique et

son interaction avec le colmatage chimique

Les objectifs de cette partie sont d’étudier l’effet des contraintes de cisaillement rencontré en

irrigation sur le développement du biofilm et l’effet du carbonate de calcium sur le développement du

biofilm dans les conduites et les goutteurs.

Développement du biofilm en fonction des contraintes de cisaillement

Pour pouvoir suivre l’évolution du développement du biofilm en fonction du temps et des con-

traintes de cisaillement la MVS qui n’est autre que la matière organique (MO) a été prise en compte. La

figure V.2 montre la masse de cette MVS pour différentes contraintes de cisaillement de 0.7, 2.2 et 4.4

Pa. On peut voir que plus la contrainte est élevé plus le développement du biofilm est favorisé. Ceci

est dû à la formation d’un biofilm plus dense et plus rigide qui résiste mieux aux fortes contraintes de

cisaillement (Decho, 2000[75]).

La caractérisation de l’encrassement avec la DRX montre la présence de calcite dans les échantillons.

La précipitation de la calcite a été faite dans des conditions où la température ne dépasse pas les 25◦C et

le pH ne dépasse pas 8. Dans ces mêmes conditions, en utilisant l’eau usée traitée de Mauguio, lors des

expériences de précipitation au laboratoire, la calcite n’a pas pu être détectée. Ceci met en évidence la

possibilité d’interaction entre le biofilm et les ions Ca2+. A l’aide de la TGA on a pu mettre en évidence

que plus on a de biofilm plus la précipitation de la calcite est favorisée ce qui confirme les résultats. Ceci

est dû aux propriétés de l’EPS qui entoure les biofilms (Tourney and Ngwenya, 2009[277]).
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Interaction entre carbonate de calcium et développement du biofilm

Le carbonate de calcium a été choisi parce qu’il a été identifié comme étant l’élément le plus

abondant dans les expérimentations précédentes. La figure V.3 montre le développement du biofilm dans

les conduites en fonction du temps dans le cas du bidon 1 (T1) (sans carbonate de calcium) et le bidon 2

(T2) (avec carbonate de calcium).
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On remarque que la présence du carbonate de calcium affecte la croissance du biofilm à partir du

21ème jour. A partir de cette date la quantité de précipité devient assez suffisante pour jouer le rôle de

matière en suspension qui ont un effet abrasif sur le biofilm (Derlon et al., 2008[78]).

L’analyse de l’encrassement avec la DRX montre la présence de calcite même sans carbonate de

calcium. Ceci met en évidence que le biofilm a la capacité de faire précipiter la calcite et ce même avec

la présence de traces de calcium. Les résultats obtenus sur la TGA mettent aussi en évidence le fait que

plus il y a de matière organique dans l’échantillon plus le pourcentage en carbonate de calcium dans cet

échantillon augmente.

Dans les goutteurs, le carbonate de calcium a aussi retardé l’apparition du biofilm et a créé plus de

fluctuations dans les mesures des débits. A partir des observations au microscope et au suivi des débits

en fonction de l’âge de biofilm on peut noter qu’un développement du biofilm dans la zone centrale

du goutteur n’affecte pas le débit. Par contre, la présence du biofilm dans les premières chicanes fait

chuter directement celui-ci. La présence de biofilm dans les chicanes peut être due à un détachement de

celui-ci de la zone centrale. La chute du débit est surtout due au développement du biofilm. Le calcul de

la valeur de l’uniformité statistique (SU) est plus faible dans le cas de la précipitation chimique avec le

développement du biofilm qu’avec le biofilm tout seul. Une fois le biofilm formé le carbonate de calcium

est surement piégé dans les EPS ce qui aggrave la situation.



Conclusion et perspectives

L’étude réalisée dans le cadre de ce travail de thèse a pour objectif de contribuer à la compréhension

des mécanismes qui induisent la précipitation chimique et le développement du biofilm en utilisant une

eau usée traitée pour l’emploi en micro-irrigation.

Différentes approches expérimentales et numériques ont été réalisés dans le but de caractériser

la précipitation chimique et de pouvoir coupler les différents paramètres qui puissent influer sur la sol-

ubilité des sels dans l’eau. La première partie du travail consistait à caractériser expérimentalement la

précipitation chimique du point de vue quantitatif et qualitatif et de voir l’effet du pH et de la température

sur celle-ci. Les résultats obtenus par les analyses et par la DRX et la TGA ont permis d’identifier le

carbonate de calcium sous forme de calcite comme étant le précipité le plus abondant. Grace au données

et aux résultats du travail expérimental la validation et la calibration de PHREEQC a pu être réalisée.

PHREEQC nous permet de prédire la quantité et la qualité de la précipitation chimique sans passer

chaque fois par des expériences au laboratoire. A l’aide de ce logiciel géochimique, l’effet de la pres-

sion partielle du CO2 sur la précipitation de la calcite a pu être étudié. Expérimentalement, l’étude de

ce paramètre nous était difficile à suivre. L’indice de saturation lui aussi ne peut être calculé que par

le moyen d’un logiciel. Il en ressort que la calcite ne précipite que lorsque la valeur du SI dépasse un

certain seuil. Ce seuil peut être atteint plus facilement dans un système fermé qui n’est pas en équilibre

avec le CO2 atmosphérique et aussi par augmentation de la température et du pH.

La seconde partie du travail de thèse a porté sur la mise en œuvre de bancs d’essais dans le but

de suivre le développement du biofilm en parallèle avec la précipitation chimique et l’interaction du car-

bonate de calcium sur le biofilm en utilisant une eau usée traitée réelle et une eau usée synthétique.

Un réacteur de type Taylor-Couette a été mis en place afin de suivre l’effet du cisaillement sur le

développement du biofilm en utilisant une eau usée réelle. Un développement plus important dû à un

biofilm plus dense et plus rigide a été observé pour une contrainte de cisaillement élevée (4.4 Pa) con-

trairement à ceux développés à des contraintes de cisaillement plus faible (0.7 et 2.2 Pa). Une seconde

expérimentation avec des eaux usées synthétiques a permis de mettre en évidence l’effet du carbonate

de calcium sur le développement du biofilm dans les conduites et goutteurs. Dans un premier point le
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carbonate de calcium a un effet négatif sur le développement du biofilm dans les conduites d’irrigation.

La quantité de matière sèche volatile s’est avérée inférieure dans l’encrassement formé avec le carbonate

de calcium. Ceci pourrait être dû à l’effet abrasif du précipité. L’effet du carbonate de calcium (CaCO3)

sur le développement du biofilm dans les goutteurs suit un peu la même tendance où le colmatage et plus

précisément l’apparition du biofilm prend plus de temps en présence de CaCO3.

Des expériences supplémentaires menées avec d’autres qualités d’eau nous semblent nécessaires

afin notamment de mieux calibrer la modélisation réalisée sous PHREEQC. L’étude pourrait servir de

base de données pour les agriculteurs qui souhaitent vérifier si leur eau est susceptible d’être utilisée en

irrigation et s’il y a un risque de précipitation chimique. Dans ce cas des mesures nécessaires pourraient

être programmées comme par exemple l’acidification dans le but de faire abaisser l’indice de saturation

en dessous du seuil de précipitation sans rendre l’eau très acide et néfaste pour le sol et les plantes. En

bioprocédés, la modélisation du développement du biofilm est généralement basée sur la concentration

en substrat souvent basée sur l’équation de Monod qui est le modèle le plus ancien (Monod, 1958[198])

et le plus utilisé. L’équation de Monod peut être ainsi modélisée par PHREEQC.

Un cas intéressant à étudier serait d’approfondir la modélisation de la croissance du biofilm avec

la précipitation chimique en variant les conditions opératoires. Dans notre étude la nouveauté consistait

à étudier le développement des biofilms dans un réacteur couette en utilisant une eau usée réelle. Etudier

expérimentalement l’effet du pH et de la température dans un réacteur couette serait une idée innovante

et intéressante à comparer avec les modélisations informatiques.

Des expériences supplémentaires menées à l’aide du microscope confocal à balayage laser nous

semblent nécessaires pour poursuivre de tout près le développement du biofilm et de pouvoir détecter si

possible la précipitation chimique. Il serait aussi intéressant de suivre au plus près l’interaction entre le

biofilm et la précipitation chimique par des visualisations à l’aide de cameras sur des goutteurs transpar-

ents par exemple en faisant attention de ne pas développer des algues.

Le chemin menant à la compensation de toutes les interactions qui rentrent en jeu dans le col-

matage des goutteurs et l’encrassement des conduites utilisant des eaux usées traitées reste encore long

malgré les études approfondies dans ce domaine.

Nos expérimentations ont ramené des résultats très intéressants pouvant servir à d’autres études

sur la réutilisation des eaux usées en irrigation, sujet qui devient de plus en plus utile à étudier étant donné

les problèmes hydro-écologiques et biodémographiques qui s’aggravent avec le temps et qui touchent

plus que la moitié de la planète.
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V.3 Evolution de la quantité du biofilm dans les conduites en présence (T1) ou pas (T2) de

carbonate de calcium. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170

A.1 Diagram of the structure of the Taylor vortex flow where the toroidal vortices are observed

(based on Ohmura et al., 1997[217]). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 211

A.2 The strain rate fields inside the labyrinth-channel middle at Re = 400 (top) and Re = 800

(bottom) using standard k-epsilon model (Al-Muhammad et al., 2016[10]) . . . . . . . . 214



List of Tables

I.1 Flow of pollutants released per inhabitant per day for a volume of 150 liters of water. . . . 26

I.2 Different stages of water treatment in a WWTP from pretreatment to tertiary treatment. . 27

I.3 Values to respect for urban effluents discharges into non-sensitive areas. . . . . . . . . . . 27

I.4 Comparison of different irrigation techniques for use with treated wastewater . . . . . . . 34

I.5 The different parameters of dripper clogging and their degrees of risk. (Data compila-

tion from the following authors: Nakayama and Bucks, 1980[204]; Ayers and Westcot,

1985[22]; Pitts et al., 1990[230]; Couture, 2004[71]) . . . . . . . . . . . . . . . . . . . . 42

II.1 Parameters of the Taylor-Couette reactor (TCR). . . . . . . . . . . . . . . . . . . . . . . 74

II.2 Hydrodynamic conditions inside the pipe. . . . . . . . . . . . . . . . . . . . . . . . . . . 78

II.3 Calculation of strain rate, shear stress, Re, Ta, Ta/Tac and rotational speed of the inner

cylinder. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

II.4 Experiment schedule over the eight weeks for repetition 1 where the plates are scraped

and changed (green) and repetition 2 where the plates are only scraped (blue). . . . . . . 82

II.5 Physicochemical characteristics of the effluent from Mauguio’s WWTP . . . . . . . . . . 84

II.6 synthetic water quality of tank 1 (without calcium carbonate) and tank 2 with calcium

carbonate. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

III.1 Average precipitate mass and volume of added NaOH with their SD for pH 8, 8.5, 9 and

9.5 at 22 and 55◦C. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

III.2 Saturation indices and formula of the different mineral species . . . . . . . . . . . . . . . 107

III.3 Comparison between pHexp, pHnum and pHtheo and between SInum and SItheo at 22◦C (a)

and 55◦C (b). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

III.4 SI and pH values after precipitation under the same operating conditions as the experiment

with the corresponding mass of calcite at 22 and 55◦C. . . . . . . . . . . . . . . . . . . . 112

178



LIST OF TABLES 179

III.5 Values of calcite SI at different pH and temperature. The round dots (red) and square dots

(bleu) rectangles surround calcite SI where there was precipitation for a temperature equal

to or higher than 55◦C and 22◦C, respectively. The solid line triangles (green) surrounds

the saturation indices of the calcite where there may be precipitation. . . . . . . . . . . . 113

III.6 SI and pH values after precipitation under the same operating conditions as the experi-

ment with the corresponding mass of calcite at 22 and 55◦C without equilibrium with the

atmosphere. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

IV.1 Mass loss in percentage between 0◦C - 550◦C, 600◦C - 850◦C for the three shear stresses

and an estimation of the percentage of calcium carbonate in each sample. . . . . . . . . . 132

IV.2 Mass loss in percentage between 0◦C- 550◦C, 600◦C- 850◦C for fouling at age one and 4

weeks fed from tanks 1 and 2, and an estimation of the percentage of calcium carbonate

in each sample. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143

IV.3 Total number of drippers measured at each biofilm age in days for one repetition of one

experiment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146

IV.4 Summary of the calcium carbonate /biofilm interaction study in pipes and drippers when

using synthetic effluent with and without CaCO3. . . . . . . . . . . . . . . . . . . . . . . 152
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Annex

A.1 Standards of wastewater used in irrigation

In the World Health Organization guideline (WHO, 1989[292]) for the microbiological quality

of treated wastewater used in agriculture revised in 2000 the limit for fecal coliform bacteria in irriga-

tion (where crops are likely to be eaten uncooked) is valid from 0 to 1000 fecal coliform bacteria/100

ml. When adult farm workers are exposed to spray irrigation, ≤ 105 fecal coliform bacteria/100 ml is

recommended. A limit of ≤ 103 fecal coliform bacteria/100 ml is recommended if flood irrigation is

used or children are exposed. For nematode eggs for both types of irrigation (flood irrigation and spray

irrigation), it must be ≤ 1 egg/l and reduced to ≤ 0.1 egg/l if children are exposed. Macronutrients are

normally at a concentration of 1000 ppm in plants while micronutrients are found in rates up to 500 ppm.

However, concentrations of nutrients must be regularly monitored to offset any nutritional imbalances

and avoid pollution of soil and ground water by nitrates (Addiscott et al., 1991[8]) plus high concentra-

tions of these micronutrients can be toxic to the crops. The Food and Agriculture Organization (FAO) has

also published recommendations on the physico-chemical quality of the treated wastewater to be reused

in agriculture. Its evaluations are based on a number of parameters such as total suspended solids (TSS),

pH, salinity, trace elements, etc. As mentioned above pollution (soil, crops, groundwater, etc.) depends

not only on the quality of water, but also on the quantity of water applied to soil, the irrigation method

and the type of crop. A summary of all these recommendations is provided in Table A.1.
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Table A.1: Recommended microbiological and physico-chemical quality guidelines for wastewater use
in agriculture (FAO 1985[98]; French Minestry of Health 2010)

Surface 

irrigation

Sprinkler 

irrigation

Micro-

irrigation

Microbiological 

recommendation

Intestinal nematodes ≤ 1 egg per litre Not applicable 

if exposure to 

people does 

not occur

Faecal coliforms ≤ 1000 per 

100 ml

≤ 10
5

bacteria/100 

ml

Physico-chemical 

recommendation

Conductivity (dS/m) < 3

TDS (mg/l) < 2000

Sodium Absorption 

Ratio (SAR)

< 9 - -

Sodium (Na) (meq/l) - < 3 -

Chloride (Cl) (meq/l) < 10 < 3 -

Boron (Br) (meq/l) < 3

Nitrate (NO3-N) (mg/l) < 30

Bicarbonate (HCO3
-
) < 8.5

pH Normal Range 6.5 – 8.4

A.2 Composition and structure of the biofilm

While an essential component of the biofilm, bacteria are only about 15 to 25% of its total compo-

sition. The remainder is held by EPS (matrix they synthesize) which contains water (main component),

nutrients and also polysaccharides, proteins, lipids and nucleic acids (DNA and RNA). Water causes the

hydrophilic property of biofilm (Flemming and Wingender, 2010[101]) and maintains the microorgan-

isms in a moist environment favorable to their survival and protection against dehydration (Lewandowski,

2000[169]). Initially, bacteria cling irreversibly and colonize surfaces in the free-floating mode called

planktonic form (minority form) (Clutterbuck, 2007[64]). This lifestyle allows bacterial colonies to per-

sist at a given location, without proliferating. The C / N ratio of a biofilm is five times higher than for

a suspension of planktonic bacteria, this being due to the dominance of the matrix composed mainly of

water and organic matter (Flemming and Wingender, 2010[101]). A biofilm may be composed of one or

more species of micro-organisms homogeneous or heterogeneous biofilms, respectively (Tolker-Nielsen,

2000[276]). Most biofilms are heterogeneous. The presence of a microorganism species or another
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species within the biofilm is dependent on environmental conditions. For example, biofilms illuminated

by sunlight are mainly composed of phototrophic organisms, such as algae or cyanobacteria, leading to

photosynthesis and production of biomass from inorganic carbon. Biofilms formed in the absence of

light mainly consist of heterotrophic (degradation of organic matter) and chemotrophic (transformation

of mineral substances) bacteria. The development of techniques for the study of biofilms such as mi-

croscopy and microelectrodes (Zhang and Bishop, 1994[305]; Costerton et al., 1995[67]; Wimpenny et

al., 2000[294]) has highlighted the heterogeneous structure of biofilms.

The heterogeneity of biofilms is observed at several levels: physical, chemical and biological.

The physical (density, porosity, permeability, etc.) and chemical (substrate concentration gradients and

oxygen (Beyenal and Lewandowski, 2002[35])) properties vary with the depth of biofilms.The deeper

we go, the more transfer mechanisms and diffusion decrease Zhang and Bishop, (1994)[305].

A.3 Extracellelar polymeric substances (EPS)

As mentioned above, bacteria form a small part of the biofilm. Exopolymers (EPS) dominate

its composition with about 70 to 98% in the case of biofilms developed from wastewater (Ivleva et al.,

2010[137]; Liang et al., 2010[173]; Simoes et al., 2010[256]). EPS are produced by the bacteria, whether

they are in suspension or adherent to biofilms. Quantity, form, properties, and chemical compositions

of the EPS are determined by factors such as age of the biofilm, type of bacteria, concentration and

bioavailability of nutrients, hydrodynamic conditions and temperature (Lazarova and Manem, 1995[164]

Flemming et al., 2000[99]; Ivleva et al., 2010[137]). Exopolymers play a key role in the biofilm forma-

tion process, including ensuring irreversible adhesion of bacteria on the solid support and maintain-

ing consistent microcolonies, facilitating interaction and cell-cell communication (Stoodley, 1997[262];

Tolker-Nielsen, 2000[276]; Flemming and Wingender, 2010[101]). EPS allow microorganisms associ-

ated in biofilm to be more resistant to chemical attack (De Beer et al., 1994[74]), hydrodynamic stresses

and disinfectants, including those based on chlorine (Characklis, 1973[58]). The exopolysaccharide

matrix also plays an important role in the antimicrobial properties of biofilms by directly binding to

anti-microbial agents and preventing them from penetrating the biofilm (Maukonen et al., 2003[187];

Simões et al., 2010[256]) and as a protective barrier against bacteriophages (Donlan, 2002[83]). Gen-

erally, morphological and physicochemical properties of biofilms such as porosity, density, roughness,

elasticity, mechanical stability, architecture and biofilm activity, are defined by the nature and composi-

tion of the EPS (Fletcher, 1979[102]; Flemming et al., 2000[99]. Lewandowski, 2000[169]; Klapper et

al., 2002[156]; Kokare et al., 2009[157]; Liang et al., 2010[173]).
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A.4 COD/ TS/VS/DRX/TGA

A.4.1 COD measure

Measurements of the oxidizable organic material can also be applied to the characterization of

biofilms (Bryers and Characklis, 1981[51]; Murgel et al., 1991[201]). In their work, Murgel et al.,

(1991)[201] estimate that one microequivalent of COD corresponds to three micrograms of carbon. COD

is the amount of oxygen required to chemically oxidize the reducing substances contained in a solution.

The soluble COD was measured by oxidation with potassium dichromate. To perform the assay, the

HACH method (1996-2000) was used. WTW kits were used. Two ml of the filtered sample is introduced

into a tube containing potassium dichromate solution. Blank is carried out the same way, but the sample

is replaced by distilled water. The tubes are heated for 2h at 150◦C and after cooling the reading is done

by spectrophotometry at the wavelength of 620 nm.

A.4.2 Total Solids (TS) and Volatile Solids (VS)

To determine the weight of the biological material attached to the surface, the biofilms are me-

chanically detached from the plates by scraping with a ruler having elastomeric ends. Biofilms are then

recovered into ceramic cups previously weighed (M0) with a precision balance (Denver instrument S-64)

(precision 0.1 mg). The assembly was then placed in an oven for 24h at 105◦C so that the water evapo-

rated completely, and then weighed again (M1) after cooling in a desiccator. The difference between the

two weighings corresponds to the total solids. The cups can be placed in an oven for 2h at 550◦C before

a final weighing (M2) to determine volatile solids. The following equations give the masses of TS and

VS, and the result is expressed in mg/cm2 IV.1.1:

TS = M1 −M0 (A.1)

V S = M1 −M2 (A.2)

Lazarova and Manem, (1995)[164] estimate that the measure of TS and VS includes, in addition

to active organisms, inert matter, exo-polymers and adsorbed organic matter.
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A.4.3 X-ray diffraction (XRD)

X-ray diffractometry allows the identification of more or less crystalline phases present in a solid

matrix and the characterization of their crystalline structure. For example, it can provide information

about their texture and their degree of crystallinity. The presence of amorphous phases in the material

results in a deformation of the background noise of the diffraction pattern: large and diffuse peaks. The

identification by XRD is limited to a majority of well-crystallized phases in the matrix. Nevertheless,

in some cases, deformation of the background noise can be exploited for the identification of partially

crystalline phases.

Two diffractometers were used for this work. For the chemical precipitations in Chapter III,

chemical characterization was performed at CEREGE Aix-en-Provence on powder samples with a θ− θ

analytical X’Pert Pro diffractometer running at 40kV and 40 mA using Co kα radiation (λ = 1.79Å)

with a linear X’Celerator detector and a secondary flat monochromator. The 2θ range was 10− 75◦ with

a step size of 0.033◦ and a counting time of 3s per step.

For the chemical characterization in Chapter IV, analysis was performed at the institute of Charles

Gerhardt Montpellier 2. Powder patterns were recorded on a PHILIPS X’Pert MPD θ− θ diffractometer

equipped with the X’Celerator detector with Cu kα radiation (λ = 1.5418Å) and nickel filter. The 2θ

range was 5− 70◦ with a step size of 0.033◦ and a counting time of 3s per step.

In all cases, samples were finely ground in an agate mortar and deposited onto low-background

silicon plates with a drop of ethanol to get a homogeneous and thin layer of powder.

A.4.4 Thermo gravimetric analyzer (TGA)

TGA allows identification of non-crystalline forms of chemical precipitation and can be used con-

trary to the XRD, which is a qualitative and not quantitative method, to determine the proportion of each

constituent. It can also be used to quantify the composition of organic and inorganic materials of a sam-

ple.

TGA is a technique that consists in measuring the mass change of a sample as a function of tem-

perature and time. The quantifiable applications are usually done upon heating. The mass of the sample

is monitored during the experiment. A sample purge gas controls the sample environment.

TGA studies were made in the institute of Charles Gerhardt Montpellier 2 on a Netzsch STA 449

F1. The system was purged with an inert gas which is argon and heated at a rate of 10◦C/min, from

room temperature to 1000◦C. Both TGA and its derivative (DTG) were simultaneously plotted versus

temperature. This system was also coupled with a mass spectrometer (TG-MS) to be able to analyze

gases and, in particular, volatile decomposition products of thermal analysis. This allows identification
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of the escape of CO2 in the analysis of calcium carbonate. These details and the results are presented in

Chapter IV.

A.5 Determination and description of the different regimes

To be able to visualize the modification of the flow (instabilities) and to determine the different

regimes inside the TCR, many studies have been dedicated since Taylor’s work in 1923 to the identi-

fication and mapping of the instabilities of Taylor-Couette flow. Many instruments were used for the

experimental investigation of fluid flow and the detection of various regimes from the first instability to

a turbulent regime. Laser Doppler Velocimetry (LDV) (Zhang et al., 2007[304]), Doppler Global Ve-

locimetry (DGV), Laser Induced Fluorescence (LIF), Particle Image Displacement Velocimetry (PIDV)

or, as it is now most often called, Particle Image Velocimetry (PIV) (Liu et al., 2009[177]), micro-PIV

(Wei et al., 2012[290]) and Particle Tracking Velocimetry (PTV) are the most known methods applied in

fluid dynamics.

The Taylor-Couette flow is obtained when the rotational speed is sufficiently low and the viscous

forces are more important than the centrifugal forces. It corresponds to a stable and axisymmetric flow

(Andereck et al., 1986[17]; Coufort, 2004[70]).

The first transition to the ”vortex flow” or ”Taylor vortex flow” ((a) in Figure II.5 and Figure A.1

is achived if the rotational speed increases to Ta = critical Taylor number Tac = 1712. It marks the

appearance of flow instability. In 1923, Taylor highlighted the existence of this flow with colored mark-

ers. At the establishment of this second regime, characteristic toroidal vortices (Figure A.1) appear and

succeed each other throughout the height of the reactor (Coufort, 2004[70]).

Figure A.1: Diagram of the structure of the Taylor vortex flow where the toroidal vortices are observed
(based on Ohmura et al., 1997[217]).
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If the rotational speed increases, this vortex flow also becomes unstable and other flows make their

appearances. At Ta = 1.27 Tac, the vortices begin to undulate and a ”wavy vortex flow (WVF)” appears

(b in Figure II.5).

For even higher Ta (for Ta = 40 Tac) (c in Figure II.5), waves present at the vortex levels disap-

pear, but their vortex structures are preserved. Turbulent Vortex Flow (TVF) is established. For Ta = 700

Tac vortex structures disappear, axisymmetric flow begins to develop and the cells present at the ends of

the reactor shrink. Beyond this phase, vortices are broken by turbulence and the flow is purely tangential

and fully turbulent (Turbulent Taylor Flow (TTF)) (Coufort, 2004[70]).

A.6 Various Ta and Re data for regimes transitions

In Table A.2, three studies using Taylor-Couette reactor for biofilm development were compared

concerning their geometric parameters (η and Γ), and their Ta and Re numbers for flow transitions. The

geometric parameters in Coufort, 2004[70] TCR are very close to the TCR in this study (Table II.1). So

for this study it is considered that a turbulent flow regime is established from Ta > 40 Tac (Table A.2).

Table A.2: Three different studies showing the critical values of the number of Taylor and that of
Reynolds, who leads to transitions.

Transitions Coufort 2004 Nemri 2013 Mehel 2006
(η = 0.869) (η = 0, 85) (η = 0, 91)
(Γ = 13.33) (Γ = 480) (Γ = 44.3)

Couette Ta < 1712 Re < 125 Ta < 43.3

Taylor Vortex Flow Ta = Tac = 1712 Rec = 125 43.3 ≤ Ta < 49.6

Wavy Vortex Flow Ta = 1, 27 Tac 1.32Rec < Re < 5.44Rec 49.6 ≤ Ta < 266

Modulated Wavy Vortex Flow - 4, 8Rec < Re < 9, 2Rec 266 ≤ Ta ≤ 700

Turbulent Vortex Flow Ta = 40 Tac - -
Turbulent Flow Ta = 700 Tac Rec > 9, 2Rec 4500 ≤ Ta

A.7 Shear stress calculation inside the drippers

This dripper operates with a nominal flow rate of 36 ml/min (2.16 l/h). It produces a turbulent

flow to regulate the dripper discharge and to prevent particles from settling and such causing dripper

clogging. Micro-PIV was used by Al-Muhammad et al., 2016[10] as an experimental technique to char-

acterize the labyrinth-channel flow and to analyze regions that can be sensitive to clogging. The experi-

ments were conducted by varying flow rates from 24ml/min (1.44 l/h) to 48ml/min (2.88 l/h) which
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corresponds to Reynolds numbers from 400 to 800, respectively (Eq.A.3), based on the mean velocity at

the dripper inlet and hydraulic diameter; more information can be found in the work of Al-Muhammad

et al., 2016[10] work. The Reynolds number in a dripper is given as:

Re =
qDh

Acν
(A.3)

where q is the discharge of dripper (m3/s); Dh is the hydraulic diameter of the tube (m); Ac is the cross-

sectional area (m2); and ν is the kinematic viscosity (1.00E − 06 m2/s for water).

With a Reynolds number from 400 to 800, the flow is quite turbulent in the labyrinth-channel

according to Nishimura et al., 1984[212] and Pfahler et al., 1990[226]. There are several complex ge-

ometries of the labyrinth channel. It is composed of several baffles, and the turbulence varies accordingly.

There is as yet no appropriate theory to calculate the critical Reynolds number in such geometries.

Numerical simulations have been performed on the labyrinth-channel geometry presented in Fig-

ure II.6 using the commercial computational fluid dynamics (CFD) software ANSYS/ Fluent V14.0.

These simulations allow calculation of the strain rate (s−1). The strain rate fields are plotted in the

middle of the labyrinth-channel depth (at z = 0.5 mm) and presented in Figure A.2 for two Reynolds

numbers, 400 and 800, using standard k-epsilon model (see Al-Muhammad et al., 2016[10] for more

details). Then, the average strain rate, Sm, was calculated over the area of the flow (Figure A.2) applying

the following relationship:

Sm =

n∑
i=1

AiSi
At

(A.4)

where n is the cells number in the area; Ai is the i cell surface and At is the surface of the total

area; and Si is the i cell strain rate. The shear stress was calculated using this formula:

τ = Sm × µ (A.5)

where τ the shear stress (Pa); µ the dynamic viscosity of the fluid (1.00× 10−3 Pa.s) and Sm the

average strain rate (s−1).

For Re = 400 (flow rate = 24 ml/min or 1.44 l/h), the average strain rate calculated was Sm =

2210s−1 corresponding to a shear stress of τ = 2.2 Pa (Eq.A.5). For Re = 800 (flow rate = 48 ml/min

or 2.88 l/h) Sm = 4422s−1 corresponding to a shear stress of τ = 4.4 Pa (Eq.A.5).
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Figure A.2: The strain rate fields inside the labyrinth-channel middle at Re = 400 (top) and Re = 800
(bottom) using standard k-epsilon model (Al-Muhammad et al., 2016[10])

A.8 Plate preparation and sampling

Plates are prepared from low density polyethylene irrigation pipes (LDPE) (Φ 16mm) having

a rugosity of 50 µm. The rugosity of the plates was measured using a Leica Map Premium 7.3.7690

microscope generating height maps of surface topography. Pieces of pipes with a length of 64 cm are

crosscut and then stuck between two circular iron plates. To have well flattened plate, the assembly is

heated in an oven for 72h at 50◦C to preclude deterioration of the surface conditions. Removed from the

oven, the plates are cooled to room temperature and then fixed on polyvinyl chloride strips (PVC) which

are then driven with the rotation of the inner cylinder. Every plate has a width of 3.8 cm, occupying a

total area equal to 1216 cm2, where biofilms were grown. Biofilm samples were collected on each plate

surrounding the inner cylinder. The biofilm is scraped with a small soft plastic band and then collected in

ceramic crucibles for analysis. The plate is then cleaned with a soft towel under running tap water then

macerated for 10 min in a slightly acid solution (0.01 M H2PO4
– ) to remove the remains of the fouling.

Before a second use, a final rinse with distilled water is carried out.
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A.9 Average and standard deviation of the water quality at the outlet of

Mauguio WWTP

Date

BOD5 

(mg O2/L)

Tot Nitrogen 

(mg N/L)

Tot P

(mg P/L)

pH SS

mg/L

8/26/2013 3 3 0.2 7.8 5.6

9/24/2013 3 3.3 0.3 8 3.2

10/15/2013 3 3.9 0.27 8 2

11/18/2013 3 3.7 0.2 7.9 3

12/17/2013 3 8.3 0.17 7.8 3

12/24/2013 3 7 0.16 7.6 3

1/17/2014 3 3.3 0.21 7.9 2

2/14/2014 3 4.4 0.6 7.6 4

3/11/2014 3 3.7 1.4 7.7 3

4/17/2014 3 6 1 7.9 2

5/16/2014 7 6.1 1.2 8.1 5

6/20/2014 3 3.9 1.5 7.9 3

7/17/2014 3 4.1 0.6 7.7 7

8/18/2014 3 4.6 0.75 8.1 4

9/12/2014 3 3.8 0.24 8.1 2

10/17/2014 3 6.5 2.5 7.9 2

12/11/2014 3 7.8 1 7.9 4

1/15/2015 3 5.5 0.9 7.9 2

2/18/2015 3 3.3 0.4 7.8 2

3/16/2015 5 3.4 0.77 6.9 8

4/14/2015 3 2 0.62 8.1 5

7/16/2015 3 2.4 0.65 8.1 6

9/17/2015 3 3.1 0.31 7.9 3

1/13/2016 3 2.7 0.42 7.9 3

2/17/2016 3 2.7 0.36 8.1 4

3/31/2016 3 2.4 0.23 7.9 6

Average 3.230769231 4.265384615 0.652307692 7.86538462 3.72307692

Standard 

Deviation 0.862910995 1.7195214 0.54196906 0.24648295 1.68767478
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A.10 Yield rate calculation and values of consumed DCO

The development of the biofilm being homogeneous over the entire surface of the reactor, it is

assumed that each week the same weight of biofilm will be developed. In the first week no scraping was

done so the weight of the biofilm at week one was not taken into account. The amount of COD consumed

was measured only during the week of scraping.

The value of consumed DCO is equal to: [DCO] mg/l x volume of the reactor (2L) x 7 (one week

= 7 days).

Week 1 2 3 4 5 6 7 8

Biofilm 

age on 

each plate

1 2 1 2 3 4 5 6

1 2 3 1 2 3 4 5

1 2 3 4 1 2 3 4

1 2 3 4 5 1 2 3

1 2 3 4 5 6 1 2

Total 

biofilm 

mass (mg)

x 28.5 76 48.3 67.9 65 x x

Consumed 

DCO (mg)

x 182 308 280 322 294 x x

Y 

(mg/mg)

x 0.156 0.246 0.172 0.21 0.22 x x
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A.11 XRD pattern for the different shear stress

Diffraction peaks of organic and inorganic matter samples for TS and IM (after TS calcina-

tion) for a shear stress of 0.7 and 2.2 Pa.

TS - 0.7 Pa:

IM - 0.7 Pa:
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TS - 2.2 Pa:

IM - 2.2 Pa:



Annex 219

A.12 TGA pattern for the different shear stress

TGA thermal curve and chromatogram showing the characteristic peaks for the ions having a spe-

cific mass-to-charge ratio (m/z) or Thomson equal to 44. The objective is to detect the decomposition

of calcium carbonate which induces a release of CO2 in the temperature range 600-800◦C. Depending

on the apparatus used and the experimental protocol, the CO2 peak may vary. In this study it is between

600 and 700◦C. According to Basler Morill (1998) CO2 is one of the most common elements that have

an m/z = to 44. The other compounds being organic are not taken into account in this work. The blue

arrow shows the corresponding peak.

TS - 0.7 Pa:

IM – 0.7 Pa:
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Here another representation of the chromatogram is shown in this case the peaks are smoothed. The peak

of interest appears at a temperature of 666◦C for TS and 596◦C for IM. Here also the blue arrow shows

the corresponding peak.

TS - 2.2 Pa:

IM – 2.2 Pa:

In this case the way to show the chromatogram was changed. It is not only for an m / z = 44 but rather

for a full scan. Full scan records ions over a wide range of m / z ratios (Bouchonnet 2009). For “TS – 4.4
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Pa” and “IM-4.4 Pa” the full scan was divided into 3 zones. The first zone was from 0 to 19 Thomson

showing an interesting peak for m/z 18 (H2O+). The second zone from 21 to 35 Thomson showing two

interesting peaks for m / z 28 (N2
+ and CO+) and m / z 32 (O2

+). The third zone from 41 to 300 Thomson

showing an interesting peak for m / z 44 (CO2
+). This peak in showed by a blue arrow.

TS - 4.4 Pa (zone 1 and the corresponding mass spectrum):
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TS - 4.4 Pa (zone 2 and the corresponding mass spectrum):



Annex 223

TS - 4.4 Pa (zone 3 and the corresponding mass spectrum):
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IM – 4.4 Pa (zone 1 and the corresponding mass spectrum):
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IM – 4.4 Pa (zone 2 and the corresponding mass spectrum):
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IM – 4.4 Pa (zone 3):
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A.13 Measurement of COD inside T1 and T2

In both experiments, the initial concentration of COD was the same (200mg/l) (section II.3.3)

and during the experiments consumed COD was the same too (23 mg/l/jour).

As described in the section II.3.3, synthetic effluent was renewed once a week for both experi-

ments. In both cases, the COD decreases from 200 to 50 mg/l in 7 days, which highlights the biofilm

development. This constitutes proof that a more frequent renewal of synthetic effluent is essential to

have constant concentration throughout the experiment. In the present case, this was impossible since

120 liters of demineralized water was used for each change.

y = -23,131x + 228,8

R² = 0,7159

y = -23,616x + 223,13

R² = 0,65890
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A.15 TGA/MS thermal curves for T1 and T2

TS at week 1 without calcium carbonate:

IM at week 1 without calcium carbonate:
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IM at week 6 without calcium carbonate:

TS at week 1 with calcium carbonate:
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A.16 Drippers optical observation

Experiments run without calcium carbonate:

Flow rate = 1.674 l/h

Flow rate: 1.77 l/h

Flow rate: 1.428 l/h
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Flow rate: 1.524 l/h

Flow rate: 1.992 l/h

Flow rate: 2.142 l/h

Flow rate: 1.968 l/h
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Experiments run with calcium carbonate:

Flow rate: 1.698 l/h

Flow rate: 1.944 l/h
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Flow rate: 1.626 l/h



Résumé 239

Résumé:

Dans le contexte d’un changement global atteignant les paramètres hydro-écologiques et biodémo-

graphiques généraux, la micro-irrigation utilisée en agriculture avec des eaux usées traitées constitue une

approche prometteuse visant à réduire les dépenses en eau. Cependant, le colmatage des systèmes de

micro-irrigation constitue une contrainte à l’utilisation de ces eaux contenant des micro-organismes, nu-

triments et sels dissous. Ces contaminants peuvent entrainer des précipitations chimiques avec développe-

ment de biofilms qui dégradent les performances des systems d’irrigation. Consécutivement on peut ainsi

situer les objectifs de cette étude: i) Caractériser la précipitation des sels dissous due aux variations des

conditions opératoires le long des systems de micro-irrigation, ii) étudier le développement des biofilms

par l’utilisation d’une eau usée traitée sous différentes conditions hydrodynamiques, iii) analyser cer-

taines interactions entre la précipitation chimique et le développement du biofilm.

En premier lieu une étude fut conduite sur l’impact des paramètres qui influent sur la précipitation

chimique, comme la température le pH et la pression partielle du CO2. Cette étude a permis de quantifier

l’augmentation de la masse du précipité produit sous forme de calcite (carbonate de calcium) en fonction

de l’augmentation du pH et de la température. Les résultats expérimentaux ont permis de valider et de

calibrer la modélisation de la précipitation sous PHREEQC. Ce modèle numérique permet de prédire

et de quantifier la précipitation chimique pour une qualité d’eau donnée dans des conditions opératoire

variées de pH, de température et de pression partielle du CO2. Des expérimentations ont ensuite été

réalisées à l’aide d’un banc d’essai d’irrigation pour étudier l’influence du carbonate de calcium sur la

croissance des biofilms au niveau des conduites de micro-irrigation et des goutteurs (organe de distribu-

tion). En parallèle un réacteur de Taylor-Couette (RTC) fut utilisé pour étudier l’influence de la contrainte

de cisaillement sur le développement des biofilms. Selon la position dans le système d’irrigation, 3 con-

traintes de cisaillement ont été identifiées puis analysées. Dans la conduite une contrainte de 0.7 Pa a été

retenue et 2.2 et 4.4 Pa dans les goutteurs. On constate que le biofilm a tendance à se développer selon

la plus forte contrainte de cisaillement. Une précipitation du carbonate de calcium sous forme de calcite,

à été observée en interaction avec la croissance du biofilm.

Mots-clés: Biofilm, carbonate de calcium, contrainte de cisaillement, précipitation chimique, PHREEQC.
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Abstract:

In the context of global change reaching the general hydro-ecological and biodemographic pa-

rameters, micro-irrigation used in agriculture with treated wastewater is a promising approach to reduce

water expenditure. However, the clogging of micro-irrigation systems constitutes a constraint on the

use of these waters containing micro-organisms, nutrients and dissolved salts. These contaminants can

lead to chemical precipitation with the development of biofilms that degrade the performance of irriga-

tion systems. Consequently, the objectives of this study can be defined as follows: (i) to characterize

the precipitation of dissolved salts due to variations in operating conditions along the micro-irrigation

systems, (ii) to study the development of biofilms through the use of treated wastewater under different

hydrodynamic conditions, and (iii) to analyze some interactions between chemical precipitation and the

development of biofilm.

First, a study was implemented to identify the impact of the parameters that influence chemical

precipitation. These parameters are temperature, pH and partial pressure of CO2. This study permits the

quantification of the increase in the mass of the precipitate produced in the form of calcite (calcium car-

bonate) as a function of the increase in pH and temperature. The experimental results allowed validation

and calibration of the modeling of the precipitation under PHREEQC’s software. This numerical model

allows prediction and quantification of chemical precipitation for a given water quality under various

operating conditions of pH, temperature and CO2 partial pressure.

Experiments were then carried out using an irrigation set-up to study the influence of calcium

carbonate on the growth of biofilms in micro-irrigation pipes and drippers (distribution drippers). In par-

allel, a Taylor-Couette reactor (TCR) was used to study the influence of shear stress on the development

of biofilms. Depending on the position in the irrigation system, 3 shear stresses were identified and ana-

lyzed. In the pipe, a shear stress of 0.7 Pa was retained and in the drippers the shear stress was between

2.2 and 4.4 Pa. It is observed that the biofilm tends to develop under the highest shear stress. Precipita-

tion of calcium carbonate in the form of calcite was observed in interaction with the growth of the biofilm.

Keywords: Biofilm, calcium carbonate, chemical precipitation, PHREEQC, shear stress.
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