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Abstract

Anaerobic treatment of waste waters with a high calcium content may lead to excessive
precipitation of calcium carbonate. So far, no proper methods were available to predict or reduce
the extent of precipitation in an anaerobic treatment system. Moreover, it also was not clear to
what extent precipitation in an anaerobic reactor can be tolerated because adequate knowledge
on the structure and quality of methanogenic sludges with high calcium carbonate content was
lacking. In this thesis, the feasibility of anaerobic treatment of waste waters with a high calcium
content was investigated,

The development of high ash content anaerobic sludges was studied under varying conditions of
biomass yield, precipitating quantities of CaCO, and particle size of the seed sludge. The
location of CaCOQ; precipitation, within the aggregates or in the bulk solution, appeared to be
an important factor determining the quality of high ash content siudges. Precipitation in the bulk
solution is considered as favourable for the development of these sludges and can in example be
stimulated by seeding with the smallest possible granules or by maintaining the phosphate
concentration as low as possible. Operating a reactor containing heavy sludge is often
probiematical because the crystals will tend to agglomerate, resulting in cementation of the
sludge bed. This cementation can be retarded by decreasing the degree of pre-acidification.

Two different options can be distinguished to reduce the extent of calcium carbonate
precipitation in an anaerobic reactor. It was found that phosphate, in concentrations of 0.5 - 5
mgP.1", can drastically reduce the quantity of calcium carbonate precipitation. Additives that
only inhibit the formation of calcite and not that of aragonite (e.g. iron) are not suitable, because
in that case aragonite, of which the solubility is only slightly lower than of calcite, will
accumulate in the reactor. The second option is to remove calcium from the influent in a
crystatlization reactor reusing the anaerobic effluent alkalinity.

The amount of calcium carbonate precipitation in an anaerobic reactor can be estimated with
equilibrium models as developed in this dissertation, which take into account kinetic factors that
influence the apparent solubility of calcium carbomate, being the influent composition, the
hydraulic retention time and the value of the crystallization rate constant.

In this dissertation, insights have been provided for the design and application of integrated
anaerobic-physical-chemical technologies which enable the control of the calcium carbonate
precipitation in the anaerobic treatment of waste water with a high calcium content, which
appear e.g. in the waste-paper and food processing industries.
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1 General introduction

General aim of the investigation - the aim of the investigation described in this
thesis is to develop an integrated anaerobic-physical-chemical technology enabling the
control and optimum utilisation of the effects of inorganic precipitation in the
anaerobic treatment of waste waters with a high calcium concentration. As a result,
anaerobic waste water treatment can be the core technology in closed water circuits,
which are characterized by low use of fresh water, due to which the salt concentration

(including the calcium salt concentration) tends to increase.
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Background; formulation of the problem

The biotechnological technique of znaerchic waste water treatment has become a very
successful technology during the last two decades.”® The phenomenon of the formation of
highly active and well settleable bacterial aggregates, granular sludge, in upflow anaerobic
sludge blanket (UASB) reactors contributed to a major extent to the success of anaerobic
treatment techniques. A lot of research was carried out in elucidating the mechanisms of
growth of anaerobic granular sludge and in characterization of these aggregates 342228
Amongst a variety of other factors, it was found that influent calcium concentrations up to

150 mgCa?* 1" promote granulation? 3! 3444965

and also that calcium improves the stability
of the granular sludge formed.* However, many waste waters contain much higher calcium
concentrations, even up to 2.500 mgCa’*1",»3%%% This may lead to an excessive
precipitation of calcium carbonate and/or calcium phosphate in an anaerobic reactor, or
particularly in the sludge aggregates. Precipitation is often found to result in undesirable
situations, such as the formation of a too heavy sludge, loss of specific methanogenic activity
of the sludge due to scaling-in of biomass, nutrient deficiency, clogging of discharge pipes

and/or scaling in the aerobic post-treatment systern, ®13.23.383:.57.58.64

Waste waters with high calcium concentrations for instance prevail in the waste paper
processing industry.**% The chemical oxygen demand (COD) of the process water of these
industries mainly consists of starch. During the waste paper processing, the starch is
converted into glucose, which is rapidly further converted into volatile fatty acids by
acidifying bacteria. Another important component of waste paper is calcium carbonate, which
is used as a filler in the paper. During the waste paper processing, a high calcium process

water is generated as a result of the following reaction:*
2 CH,COOH + CaCO, - 2 CH,CO0 + Ca'* + H,0 + CO,t ()

Many efforts were made during the last decade to lower the use of fresh water in indnstrial
processes. In some paper factories, this even resulted in a zero discharge of waste water,
consequently in a closed water circuit.®® In this case, accumulation of calcium will occur in
the process water, which might result in scaling problems. Moreover, accumulation of the
fatey acids will occur {eq. 1), which causes serious odour problems.?’ These problems can
be overcome by applying in-line biological treatment of the process water, e.g. anaerobic
treatment.’® During anaerobic treatment of the process water, the volatile fatty acids are
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converted into methane and carbon dioxide. The produced carbon dioxide can react with the
calcium, resulting in undesirable precipitation of calcium carbonate in the anaerobic reactor
and/or in the aerobic post-treatment system.”-*® For a proper design and operation of such
in-line anaerobic treatment systems, adequate knowledge regarding the calcium scaling

potential is required.*

High concentrations of calcium and/or phosphate also occur in the waste water of citric-acid-,
whey-, sugar- and olive-oil factories,”**% as well as in leachates from landfills. Especially
leachates from young landfills are suitable for anaerobic treatment because of their high
concentration of volatile fatty acids. However, serious precipitation of calcivm and other salts
will occur.”>7%%% Wagte waters with a high calcium content also arise when waste waters

are neutralized with lime, which is the cheapest neutralizing agent, %%

For all above mentioned waste waters, it is of great importance to develop methods which
allow the control or prevention of precipitation. In case scaling problems cannot be avoided,
the use of anaercbic treatment techniques would be impeded and as a result also less progress
would be made to reduce water use. Up to now, no proper methods were available to
calculate the amount of precipitation in an anaercbic treatment system. Moreover,
fundamental knowledge on the structure and quality of high ash content methanogenic sludge
was lacking. This lack of knowledge hinders the implementation and application of
sustainable anaerobic technologies for treatment of high calcium waste waters. In this thesis,
the feasibility of anaerobic treatment of waste waters with a high calcium content was
smdied. For this, we focused on the development of a sustainable integrated physical-
chemical-biological treatment system. The insights from this research might also lead to
applications in other fields where calcium deposition occurs, e.g. in oil production®* or

phosphate removal from municipal waste waters.%

The phenomenon of calcium precipitation during anaerobic treatment
Quality of high ash content sludge

A high contents of calcium in the influent of an anaerobic reactor can lead to excessive
precipitation of calcium carbonate and this may result in severe problems such as i) scaling
of reactor walls and effluent pipes, if) loss of buffer capacity, #ii) decreasing efficiency due
to sludge washout, iv} loss of specific methanogenic activity and v) space occupation by

inorganic precipitates.”¥-% But also positive effects due to the presence of high calcium
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concentrations were reported. Jordening er al.> found a distinct improvement of biomass
retention in anaerobic fluidized bed reactors due 1o the presence of calcium concentrations
up to 2.5 gCa?* 1"

The amount of CaCO, precipitation, the biomass yield and the location where the CaCO,
precipitates are important parameters determining the development and quality of anaerobic
sludge. The amount of precipitation strongly depends on the waste water composition and the
conversions that take place.® The biomass yield depends on the amount of COD degraded
and the yield coefficient (gVSS.gCOD™"), which varies for different types of COD.* The
accumulation of biomass compared to the accumulation of calcium carbonate determines the
ash content of the sludge at steady state conditions. Ash contents below 60% are considered
to be favourable for anaerobic sludge.® For sludges with a higher ash content, serious

decreases of methanogenic activity were reported. >

Except the amount of CaCO, precipitation and biomass yield, particularly the structure of the
sludge aggregates needs to be considered with respect to its quality. This structure of the
shadge is strongly influenced by the location of calcium carbonate deposition. Precipitation
can take place in the bulk sofution and/or in the biofilm. Precipitation in the bulk solution
is governed by the composition of the bulk liquid medium, which in UASB reactors varies
over the height of the reactor, especially when a low upflow velocity is applied.™ In case the
formed precipitates rinse out of the reactor, harmful effects on the sludge structure and
quality are unlikely. In case the formed precipitales are retained in the reactor, new biofilms
can develop on their surface.® On the other hand, also agglomeration of the formed
precipitates can take place, which may lead (o channelling and clogging problems.?
Precipitation within the biofilm occurs when the micro-environment in the biofilm is more
favourable for precipitation than the environment in the bulk solution.® Within anaerobic
biofilms, acetic acid is converted in the more weak carbonic acid, leading to elevated pH
conditions.” This increased biofilm pH may initiate calcium carbonate precipitation in the
film.* As in large granules the core is often depleted from substrate, and therefore does not
contribute to the digestion process?, calcium carbonate precipitation will mainly proceed in
the active outer layer of a granule. In case the core of a granule is not depleted from
substrate, deposition of precipitates towards the core of a granule is expected, as was
observed by Uemura and Harada.*
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Extent of calcium carbonate precipitation during anaerobic treatment

One of the important parameters determining the feasibility of anaerobic treatment for high
calcium waste waters is the amount of CaCO, that can precipitate. The quantity of calcium
carbonate that will precipitate in the anaerobic reactor is preliminary dictated by the
concentrations of calcium and carbonate, which depend on a variety of factors, such as the
waste water composition (type of substrate, alkalinity) and the conversion reactions occurring
in the system.” During this thesis, a chemical equilibrium model was developed which
enables the calculation of the quantity of calcium carbonate to be expected during anaerobic
treatment. Detailed information is provided in chapters 4, 5 and 6. The theory beyond the
model can be summarized as follows. In the anacrobic degradation, the biodegradable organic
compounds as present in the influent are converted into the completely reduced form of
carbon, which is methane (CH,; oxidation state C -4), and the completely oxidized form of
carbon, which is carbon dioxide (CQO,, oxidation state C +4). The TOC/COD ratio {total
organic carbon and chemical oxygen demand) is a measure of the state of oxidation of a
substrate.® Table 1 gives the TOC/COD ratios of several substrates that are often

encountered in waste waters,

Table 1. Molecular mass, TOC, COD and state of oxidation of carbon for various substrates

Molecular  Structural Oxidation TOC COD TOC/COD

mass formula state C {g.1" (g.1"
Formic acid 46 CHOOH +2 0.261 0.35 0.75
Acetic acid 60 CH,;COOH Y 0.4 1.067 0.375
Propionic acid 74 C,H, COOH  -0.667 0.486 1.514 0.321
Lactic acid 90 C,HO, 0 0.4 1.067 0.375
Butyric acid 88 CH,COOH -l 0.545 1.818 0.30
Glucose 180 CeH ;0,4 0 0.4 1.067 0.375

Citric acid 192 CH,0, +1 0375 075 0.5

After the TOC/COD ratio of a substrate has been determined, the quantities of CH, and CO,
formed per gram of COD can be calculated as follows {provided that no growth occurs or

other electron acceptors are present)™:

CH, (mol.Iy = COD(g. I"}/64
CO, (mol.I"} = {(16/3 * TOC/COD) -1} * {COD/64}
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In order to calculate the amount of precipitation during anaerobic digestion, the solubility
product of calcium carbonate needs to be known, which was often found to differ several
orders of magnitude from the theoretical value.**** The reason for this discrepancy will be

explained below.

Calcium carbonate: thermodynamics, kinetics and the role of additives
Thermodynamics

Calcium carbonate occurs in various polymorphs.” These are, in order of increasing
solubility, calcite, aragonite, vaterite and amorphous calcium carbonates. The solubility
products of calcite, aragonite and vaterite are 10, 10%? and 1077, respectively, at 30°C
and the solubility decreases at higher temperatures.” Various amorphous calcium carbonates
are described in literature, such as amorphous calcium carbonate and calcium carbonate
monohydrate with solubility products of 10** and 1072 , respectively, at 30°C.*5' Under
normal conditions, calcite is the thermodynamically stable form, but at a high degree of
supersaturation other, less stable polymorphs will form initially, which will subsequently

ripen to form calcite 35-74.75.84

During waste water treatment, far less calcium carbonate precipitation usually takes place

than is expected based on thermodynamic equilibrium®”

719091 hecause thermodynamic
equilibrium often does not establish. The reason for this is that the kinetics of the

precipitation process plays an important role and therefore need to be considered as well.

Kinetics of CaCQ, precipitation
Three main processes can be distinguished in the formation of a solid phase from a

supersaturated solution, namely nucleation, crystallization and ripening (Fig. 1).7'8"-%

Nucleation, or "precipitation" occurs as a result of the interaction between ions or molecules,
and it leads to the formation of a critical nucleus. The nucleation process determines the size
of the crystals formed. In an unstable, highly supersaturated solution, nuclei can appear
spontaneously (this is also called "homogeneous nucleation”). When nuclei are formed on
existing particles, the term "heterogeneous nucleation” is used. Because the formation of
precipitates on an existing surface requires less energy, heterogeneous nucleation can occur
at a lower degree of supersaturation than homogeneous nucleation. For detailed theoretical

information on kinetics of nucleation, the concerning literature can be consulted,?-304482.96.97
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Figure 1. Simplified diagram of the processes involved in solid phase formation of

588

calcium carbonate. sss=supersaturated solution, ss =saturated solution (adapted from:
Nancollas and Reddy™).

Crystal growth can occur on existing nuclei or added seed crystals. The kinetics of crystal
growth are usually studied in a metastable, supersaturated solution.”® In such a solution, the
degree of supersaturation is such low that nucleation is supposed not to occur, but it is

sufficiently high for crystal growth after the addition of seed crystals.

One of the primary factors controlling the reaction rate is the degree of disequilibrium. The
saturation state, ¢, can, in the case of calcium carbonate, be defined as (Ca®*)(CO,%) /
K pcacos- The distance fram equilibrium is usually defined as the difference between o and
1. The general observation is that the rate of precipitation increases with increasing
disequilibrium.*® At different extents of disequilibrium, different mechanisms determine the
reaction kinetics. Generaily, surface reactions {e.g. diffusion within the hydrated adsorption
layer; adsorption at a step; migration along a step; integration at a kink site on the step or
dehydration of ions} are most important near equilibrium, while transport control of reaction
rates is more imporiant at increasing disequilibrium. In the latter case, possible rate
determining steps are transport of lattice ions to the surface by convection; transport of lattice
ions to the crystal surface by diffusion through the solution or adsorption of the reactant at
the solid/liquid interface.
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The crystallization rate can be represented in terms of the general kinetics equation:™
Rate = k.s.o" 2)

in which k is the rate constant for crystal growth, s is proportional to the total number of
available growth sites on the added seed crystals®, ¢ is the degree of supersaturation and 1

is the effective order of the reaction.

At a high degree of disequilibrium, reaction rates are likely to be controlled by transport
limitation and would be described by a simple first-order equation with n=1 in equation 2.

At n=2, the so called "parabolic rate law" is obtained, which was popularized by the BCF
(Burton, Cabrera and Frank'®) theory of crystal growth at screw dislocations, also known as
the spiral growth mechanism. The BCF model is a rather simplistic, but yet convenient,
method of picturing surfaces of solids. It treats the solid as being made of "blocks of matter".
The lowest energy sites would be in the interior of a crystal, which has no defects. All six
faces of a block would be bonded to adjacent blocks. On a perfect infinite surface, one face
of a block would be exposed and only five faces can be bonded to adjacent blocks. Blocks
along the edge would have two faces exposed, while those on the corners have three faces
exposed. The BCF model is important to introduce the idea of steps on surfaces and kinks
within the steps (Fig. 2). Because these sites have more exposure than normal surface sites,

they are favoured for reaction by attachment, detachment or adsorption of foreign ions.

Surface Nucleus _,

Step
(]

Kink ——

Figure 2. Schematic presentation of crystal surface in BCF model showing adsorbed
ions in black.*®
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The parabolic rate law states that if ¢ is the concentration of the dissolved mineral in solution
and ¢, is the solubility, then (1) growth units enter at surface kinks with a rate proportional
to ¢-c;, and (2) the kink density varies in proportion to ¢-¢,. This leads to a growth rate

dependence of (c-c,)* which is represented by the ¢ term as seen in equation 2.7

The BCF growth theory and the accompanying parabolic rate law were developed for
describing near-equilibrium gas-phase crystal growth.'> However, it also has been used to
explain a great deal of crystal growth data outside the range of conditions for which the
mode] originally was intended. The parabolic rate law appears to be a popular explanation
of calcite growth kinetics and it often was found to fit well to obtained experimental
data.'*'%%-% However, it should be applied cautiously because it gives a good fit to almost

any initial rate experiment.*

While the nonlinear behaviour of growth rate with increasing saturation state is frequently
described by the parabolic rate law, recent observations by scanning force microscopy
suggest that much of this behaviour can be aitributed to the nonlinear rates associated with
early-stage surface nucleation.? The idea that calcite growth begins with a surface nucleation
step is not new. In 1971, Nancollas and Reddy™ already claimed the formation of surface and
bulk nuclei, which they address to as "secondary nucleation”. For processes that are surface

nucleation controlled, the exponential rate laws are equivalent to equation 2 with n>>2.

As a result of the ripening process, larger crystals are formed. Finely divided solids have a
higher solubility than large crystals. As a consequence, small crystals are thermodynamicatly

less stable and tend to recrystallize into large ones.* %

Additives

It is a well-known phenomenon that additives are capable of altering the surface properties
of crystals, which leads to changes in nucleation, growth and ripening kinetics. Thereby,
changes occur in the shape of crystals as well as in their agglomeration and dispersion
behaviour. The effects of additives are generally directly or indirectly related to the

adsorption of the additive on the crystal or nucleus surface.

Poisoning of crystal nucleation or growth plays a fundamental rote in calcite growth and has
a broad impact. In mnature, organically-secreted chemicals regulate carbonate
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biomineralization. Organisms are capable of creating astonishing regulated skeletons of
calcium precipitates, because they are able to control the kinetics of nucleation and crystal
growth perfectly ** In industry, phosphate based poisons are often used to control scaling

18.78,81

in pipes, heat exchangers and desalination facilities whereas polyelektrolytes may be

used in soda-based detergents to prevent calcium carbonate encrustation on laundry.*

Many waste water constituents are known to inhibit the kinetics of calcium carbonate
formation.” Phosphates and phosphonates are well known inhibitors and have been
thoroughly studied.*324246.8878.1.82 (3ther examples of inhibitors of calcium carbonate crystal
growth are the anions sulphate and arsenate; the cations iron, copper, zinc, cadmium and
magnesium and the organic additives citrate, nucleic acid and humic acid,'’20-3:43 68798
Several mechanisms of crystal growth inhibition by additives were proposed in literature,
including inhibition of nucleation,* adsorption onto growth sites,® changes in surface charge

and kinetic frustration of cation dewatering.®

Phosphate

Phosphate is an important nutrient for anaerobic microorganisms, it is a well known inhibitor
of calcium carbonate growth and it is also capable to (co)precipitate with calcium. Moreover,
it is a chernical which should not be discharged into surface waters, because it stimulates
entrophication. Therefore, it is an important compound o be considered when studying the
feasibility of anaercbic treatment of waste waters with a high calcium content. The fate of
phosphate in an anaerobic reactor treating waste waters with a high calcium content is
determined by three processes that occur during the anaerobic degradation process: biological
assimilation, coprecipitation of phosphate with calcite and/or precipitation of calcium

phosphates.

P-removal by biological assimilation or coprecipitation

Anaerobic, non-P-limited biomass contains 6-15 mgP.gVSS$'.*% Assuming a yield for
anaerobic microorganisms of 0.02-0.05 g.g"',** approximately 0.08-0.54 mgP will be
removed from the liquid phase per gram of converted COD. Chemical removat of phosphate
by precipitation and/or coprecipitation in the sludge may contribute to a further phosphate
removal. Coprecipitation is caused by interaction between dissolved phosphate and the calcite
surface during crystal growth of calcite, followed by the incorporation of part of the adsorbed

phosphate into the crystal lattice.”®* The quantity of phosphate that can coprecipitate was

10
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supposed to be dependent on the rate of calcite growth and the rate at which phosphate is
adsorbed onto the growing crystals.*** It was recently shown that adsorption of phosphate
ions increases with the increase in calcium jon concentration in solution, indicating that
phosphate adsorbs on the calcium carbonate surface accompanying Ca*.* In natural waters,
coprecipitation of phosphate with calcite highly contributes 1o phosphate removal, preventing

excessive eutrophication, '#2340.4147

Calcium phosphate precipitation

The Ostwald step rule, or the rule of stages, postulates that the precipitate with the highest
solubility (i.e. the least stable solid phase) will form first in a consecutive precipitation
reaction. The least stable phase, often an amorphous solid phase, nucleates first because its
nucleation rate exceeds that of the more stable phase. In case of calcium phosphates, the
polymorphs, amorphous calcium phosphate (ACP), dicalciumphosphate {(DCP),
octacalciumphosphate (OCP) and hydroxyapatite (HAP) can be distinguished,™ of which HAP
is the thermodynamically most stable phase.'>** Generally, amorphous calcivm phosphate
precipitates first and then recrystallises, eventually via DCP and/or OCP to form
hydroxyapatite (HAP; Ca;(PO,),OH)." Several additives can inhibit or even hinder the final
formation of HAP, such as carbonate, magnesium, P,0, and citric acid.” Which calcium
phosphate precursor will be formed depends, amongst others, on the pH and the degree of
supersaturation.™* For pH values between 7 and 10, ACP is a reasonably well defined
compound, with a Ca/P ratio between 1.45 and 1.51,'%%

Scope of the thesis.

Up to now, no proper methods were available to predict or reduce the extent of precipitation
in an anaerobic treatment system. Moreover, it was not clear in how far precipitation in the
anaerobic reactor can be tolerated because fundamental knowledge on the structure and
quality of high ash content methanogenic sludge was lacking. This lack of knowledge hinders
the implementation and proper application of sustainable anaerobic technologies for treatment
of high calcivum waste waters. Such waters are expected to become much more abundant in
the near future as a result of the attempts made in industries to reduce the use of fresh water.
This leads to more concentrated process- and waste waters. Therefore, in this dissertation,
the feasibility of anaerobic treatment of waste waters with a high calcium content was
studied.

11
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Chapters 2 and 3 describe investigations dealing with the development of high ash content
sludge under varying conditions of biomass yield, amount of precipitation and particle size
distribution of the inoculurn. Chapter 2 details experiments carried out with crushed granular
sludge and chapter 3 deals with experiments with intact granular sludge as inoculum. It was
found that the location of precipitation highly controls the quality of high ash content sludge.
In chapter 3, a biofilm model is described, by which factors can be assessed that influence

the location of precipitation in an anaerobic reactor.

In chapter 4, it is investigated to what extent calcium carbonate deposition in an anaerobic
reactor can be reduced by dosing inhibitors, phosphate and iron, of CaCO; crystal growth.
In this chapter we also present a chemical equilibrium model which allows the catculation
of the extent of precipitation, provided the proper apparent solubility of calcium carbonate

can be estimated.

In chapter 5, it is investigated to what extent calcium carbonate deposition in an anaerobic
reactor can be reduced by calcium removal from the influent. A novel process configuration,
comprising an anaerobic reactor combined with a crystallisation reactor, was capable of very

selective removal of calcium from the influent, reusing the anaerobic effluent alkalinity.

Chapter 6 describes how to calculate the quantity of calcium carbonate precipitation in an
anaerobic reactor by using adapted chemical equilibrium models which take into account
important kinetic factors that influence the apparent solubility of calcium carbonate, namely

the presence of phosphate, the hydraulic retention time and the composition of the influent.

Chapter 7 discusses and summarizes the insights gained from the investigation and indicates

the relevance of this thesis work to the field.

In hoofdstuk 8 worden de bevindingen van dit proefschrift in het Nederlands samengevat.
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2 Development of high ash content crushed
methanogenic sludge in UASB reactors

E.P.A. van Langerak, G. Gonzalez-Gil, A. van Aelst
J.B. van Lier, H.V.M. Hamelers & G. Lettinga

Abstract - The feasibility of anaerobic treatment of waste waters with a high calcium
content (600 - 1200 mgCa’>" ") was studied. The influence of the amount of
precipitation and the influence of differences in biomass yield were investigated on
the development of anaerobic sludge. The experiments were performed in lab scale
Upflow Anaerobic Sludge Blanket (UASB) reactors, inocnlated with crushed granular
sludge. Four reactors were operated during 180 days at a constant organic loading
rate of 14 gCOD.I".d", treating completely and partly acidified waste water with
different calcium concentrations in the influent. Treatment of completely acidified
waste water with a calcium concentration of 1200 mgCa?*.]" resulted in an unstable
COD removal efficiency (60-90%). Furthermore, cementation of the sludge bed
occurred after 180 days of operation, leading to operational problems. With
completely acidified waste water and a lower calcium concentration in the influent
(600 mgCa?*.1"), less calcium precipitated and COD removal efficiency always
exceeded 98%. The cultivated sludge had a high ash content, 80-90%, and
methanogenic activity remained more or less constant at 0.7 gCOD.gvVSst.d.
However, scaling of reactor compartments occurred under latter condition. The
presence of a fraction of non-acidified substrate, i.e. glucose, decreased the risk of
cementation, resulted in better granulation of the methanogenic sludge and seemed
to prevent scaling of reactor compartments. Considerable amounts of phosphate were
shown to be removed from the influent, most probably by coprecipitation, and
incorporated in the anaerobic sludge. The results indicate that anaerobic treatment of
high calcium waste waters in UASB reactors is more feasible for partly than for
completely acidified substrates.

Published as: Langerak EPA van, Gonzales-Gil G, Aelst A van, Lier JB van,
Hamelers HVM & Lettinga G (1998) Effects of high calcium concentrations on the
development of methanogenic sludge in UASB reactors War. Res. 32 1255-1263.
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Chapter 2

Introduction

Anaerobic treatment of waste waters is nowadays widely accepted as a proven technology and
extensively used. One of the main factors leading to the success of anaerobic treatment was
the introduction of high-rate reactors in which biomass retention and liquid retention are
uncoupled.®* Amongst these high-rate reactors, the upflow anaerobic sludge blanket (UASB)
reactor 15 mostly applied. Anaerobic sludge in UASB reactors spontaneously immobilizes into
well settling granular sludge. Several studies revealed that calcium, at concentrations ranging
from 80 to 150 mg.1", stimulates the formation of granules during the start up of UASB
reactors.*!'%% Many waste waters, however, contain considerably more calcium than 150
mg.1', for example due to the utilization of lime, a cheap neutralizing agent.”® A high
calcium content can also result from the industrial production process, which is the case for
sugar industries® and waste paper industries.'*'” Also leachates from young landfills contain
considerable amounts of calcium.” Too high contents of calcium in the influent of an
anaercbic reactor can lead to excessive precipitation of calcium carbonate. This might result
in severe problems such as i) scaling of reactor walls and effluent pipes, ii) loss of buffer ca-
pacity, i) decreasing efficiency due to sludge washout, iv) loss of specific methanogenic
activity and v) space occupation by inorganic precipitates.'2? Also positive effects due to
the presence of calcium were reported. Jordening ef al.?' found improvement of biomass
retention in anaerobic fluidized bed reactors due to the presence of calcium in concentrations
up to 2.5 gCa®* I,

The amount of precipitation, the biomass yield and the location of precipitation seem to be
important parameters determining the development and quality of anaerobic sludge during
treatment of high calcium waste waters. The amount of precipitation depends on the waste
water composition (i.e. calcium concentration and alkalinity) and the conversions that take
place.” The biomass yield depends on the amount of COD degraded and the yield coefficient
(gV85.gCOD™), which varies for different types of COD." The accumulation of biomass
compared to the accumulation of calcium carbonate determines the ash content of the sludge
at steady state conditions. Ash contents below 60% are considered to be favourable for
anaerobic sludge.” For sludges with a higher ash content, serious decreases of methanogenic
activity were reported.'*® Besides amount of precipitation and biomass yield, the structure
of the sludge needs to be considered to evaluate its quality. This structure is influenced by
the location of calcium carbonate deposition. Precipitation can take place in the bulk solution
and/or in the biofilm. Bulk precipitation is governed by the composition of the bulk liquid,
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which varies over the height of the reactor, especially in UASB reactors with a low upflow
velocity.® If washout of the formed precipitates occurs, no harmful effects on the sludge
structure and quality are to be expected. In casc the formed precipitates are retained in the
reactor, new biofilms can develop on their surface.'® On the other hand, agglomeration of
the formed precipitates can take place, which leads to channelling and clogging problems.*
Biofilm precipitation occurs when the micro-environment in the biofilm is more favourable
for precipitation than the environment in the bulk solution. Within anaerobic biofilms, acetic
acid is converted in the more weak carbonic acid, leading to elevated pH conditions,”" The
increased biofilm pH may initiate calcium carbonate precipitation.® In large granules, the core
is often depleted from substrate and, therefore, does not contribute to the digestion process.’
Calcium carbonate precipitation can then be expected in the active outer layer of a granule.
‘When the core of a granule is not depleted from substrate, deposition of precipitates towards

the core of a granule is expected.

Calcium can also precipitate with phosphate, which is generally present in waste water.
Removal of too much phosphate from the reactor solution might cause reactor fajlure because

phosphate is an essential nutrient for microbial growth.?

It the present research, the feasibility of anaerobic treatment of waste waters with a high
calcium content was studied. The influence of the amount of precipitation and the influence
of differences in biomass yield were investigated on the development of anaerobic sludge.
Four lab scale UASB reactors were operated. The reactors were inoculated with crushed
granular sludge because it was expected that a small particle size of the sludge will favour
precipitation in the bulk solution, resulting in less detrimental effects of the precipitation on
the structure and quality of the anaerobic sludge. Reactors R1 and R2 were fed with
completely acidified substrate (acetate and butyrate) at influent calcium concentrations of
1200 and 600 mgCa’* .I'' respectively while reactors R3 and R4 were fed with partly acidified
substrate (acetate, butyrate and glucose), also at calcium concentrations of 1200 and 600
mgCa’*.1" respectively, The ash and phosphate content of the sludge as well as its biological
activity were followed in time. Phosphate measurements of influent and effluent were

performed to study to what extent phosphate will be removed from solution.
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Materials and methods

Experimental set-up

The experiments were performed in a temperature controlted room at 3¢ + 2°C using four
glass UASB reactors with a volume of 4.5 1 (approx. 55 ¢cm height, 10 cm i.d.). The UASB
reactors were equipped with a reverse funnel phase separator. After passing the gas through
a concentrated sodium hydroxide solution for removing carbon dioxide and through a column
filled with soda lime pellets with indicator, methane production was monitored by a wet gas
meter (Meterfabriek, Dordrecht, The Netherlands). The reactors R1 and R2 were fed with
completely acidified substrate and the reactors R3 and R4 with partly acidified substrate. All
substrates were neutralized by a mixwure of Ca(OH), and/or NaOH and/or NaHCQ,, in such
a way that all reactors were supplied with equal alkalinity in the influent. Operational and

influent parameters for the reactors are given in Table 1.

Biomass

The UASB reactors were seeded with anaerobic granular sludge originating from a full scale
UASB reactor treating waste water of paper mill industries {(Industriewater Eerbeek, Eerbeek,
The Netherlands). Prior to seeding, the granular sludge was crushed with a hand blender
{Multiquick 350 combi, Braun) under anaerobic conditions. To each reactor, 2 litres of wet

sludge was supplied, containing 145 gram VSS in total.

Medium

The mineral medium for the UASB reactors consisted of (g.I''): NH,CI (0.75), KH,PO,
(0.026 for R1/R2 and 0.087 for R3/R4), MgSO,.7H,0 (0.29), NaCl (0.17), yeast extract
(0.008) and 1 ml per litre of a trace element solution according to Zehnder et. l.** For the
methanogenic activity tests, the medium consisted of (g.I"): NH,Cl1 (0.28), MgS0,.7H,0
(0.1), KH,PO, (0.25), CaCl, (0.01), NaHCO; {(4) and 0.1 ml.I" of a trace element solution
according to Zehnder e al.* All chemicals were of analytical grade (Merck AG, Darmstadt,
Germany) except the veast extract (Oxoid, Unipath Ltd, Basingstoke, England) and resazurin
{Fluka Chemie AG, Buchs, Switzerland). The media were prepared in tap water, containing
about 35 mgCa®*.1".

Methods

Siudge bed samples were periodically taken from the bottom and top of the sludge bed.
Sampling was done by inserting a tube (2 cm id.) into the sludge bed at the desired level
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(either bottom or top) after which the samples were siphoned from the reactor.

Methanogenic activity tests were performed in duplicate in 120 ml serum bottles filled with
25 ml of medium and 1 gVSS.l". The substrate consisted of 2.5 gCOD-acetate.l'. The
headspace of the bottles was flushed with a mixture of N, and CO, gas in a ratio 70:30 to
create anaerobic conditions and a proper CO,/HCO;-buffer to stabilize the pH around 7. The
bottles were supplied with a second feed of 1 gCOD-acetate. "' when about 80% of the COD
was degraded. Next, the bottles were flushed again and incubated. The methane production
rate was then determined by measuring the percentage of methane periodically in the head-
space of the bottles during 4-8 hours. The specific methanogenic activity was calculated from
the slope of the methane production curve, and expressed as gCOD.gVSS'.d'. The

percentage of methane in the headspace was determined as previously described.”

Table 1. Operational and influent parameters for the four reactors R1, R2, R3 and R4.

R1 R2 R3 R4
Period " - - 1 11 I I
OLR? (gCOD.I'".dY 14 14 14 14 14 14
HRT? (hr) 9 9 9 9 9 9
COD (g.I') 5.25 5.25 5.25 5.25 5.25 5.25
Ac:Bu:GI* (COD ratio) 1:1:0 1:1:0 1:1:2 1:1:1 1:1:2 1:1:1
Calcium influent {mg.1") 1150 575 1150 1150 575 575
Sodium influent {mg.1") 0 660 660 430 660 660
HCO;, influent (mg.[') ¢ 0 1740 1150 1740 1150
Chloride influent (mg.!") 0 0 1010 670 0 0

PO,-P influent (mgP.1") » 612 612 20+5 205 205 20415

1) All reactors were run for 180 days. In R3 and R4, a different substrate composition was used during period
I {day 0-36) and II (day 57-180); 2) OLR = organic loading rate; 3) HRT = hydrautic retention time; 4)
Ac:Bu:Gl = acetate:butyrate:glucose; 5) Phosphate concentration in the influent fluctuated as a result of dilution

problems due to clogging because of precipitation.

Particle size distribution was measured using image analysis. Samples of well-mixed
aggregates were brought into a petri dish (d=6 cm). Sludge samples were analyzed with a
minimum of 200 granules per sample. The petri dish pictures were digitatized and analyzed

23



Chapter 2

on a MAGISCAN 2 image analyzer (Applied Imaging, Tyne and Wear, UK) using the
image-analyzing software package GENIAS (v4.6, 1993, Applied Imaging, Tyne and Wear,
UK). The radius was calculated from the measured object perimeter assuming ideal spherical

particles. Particles smaller than 10 pm in diameter were not considered in the calculations.

For scanning electron microscopy (SEM) analysis, granules were fixed for 2 hours in 2.5%
glutaraldehyde. After rinsing two times with sodium cacodylate buffer, the granules were
fixed for 1.5 hours in 1% osmium tetroxide. After rinsing with demineralized water, the
aggregates were dehydrated in an ethanol series (10, 30, 50, 70, 90 and 100%, 20 min. per
step) and subsequently critical-point dried with CO,. After gold/palladium sputter coating,
the aggregates were examined on a SEM (JSM 6300F, Jeol).

Analysis

Chemical oxygen demand (COD} was determined using the 'micro-method’.®® VFA were
analyzed by gas chromatography as previously described.?” Biogas composition (CH,, CO,
and N,) was measured taking gas samples of 100 pl from the gas sampling port of the reactor
and analyzed by gas chromatography.” Calcium samples were prepared for measuring both
the soluble and the total content. For measuring soluble calcium concentrations, effluent
samples were filtrated using a membrane filter with a pore size of 0.45 pm, after which the
sample was acidified up to pH 2 with HNO, (65%) and stored. For analysis of total calcium,
samples of 20 ml were directly transferred into a digestion tube, adding 2.5 ml 65% HNO,,
7.5 ml 37% HCI and 10 ml distilled water. Hereafter, the mixture was heated for two hours
at 80°C, subsequently cooled, and diluted with demineralized water in a volumetric flask of
100 ml. Prior to analysis, all samples were diluted with 0.2% lanthan nitrate solution.
Calcium was measured by an atomic absorption spectrometer (Model AA975, Varian,
Springvale, Australia), using a lamp at 422.7 nm wavelength. The burning gas for the flame
was a mixture of air/acetylene (2:1).' Dry weight and ash content of the sludge were
analyzed using standard methods.' Specific gravity of the sludge (wet density) was measured
by use of a pycnometer according to standard methods (1). Phosphorus was determined
colorimetrically for filtered samples (0.45 um) by the ascorbic acid method using a
spectrophotometer (800nm).! The phosphorus content of the sludge was determined from
supernatant after destruction. Dried sludge (0.5-1 gram) was destructed adding 2.5 ml 65%
HNO,, 7.5 ml 37% HCI and heated during 1 hour at 80°C, 1 hour at 150°C and 3 hours at
250°C. The supernatant was filtrated and diluted in a volumetric flask of 100 ml. Prior to

phosphate analysis, the samples were neutralized to pH 2 with NaOH.
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Results

Reactor performance

After inoculation with crushed granular sludge, all four reactors were continuously operated
at a fixed organic loading rate of 14 gCOD.I".d". The achieved COD removal efficiencies,
shown in Fig. 1, were generally around 98% for reactors R2, R3 and R4. The performance
of reactor R1 was less stable and the COD removal efficiency was generally about 90%.
After sampling of sludge, the efficiency of this reactor always dropped slightly, and even
down to 60% in the period day 110-150 (Fig. 1).

100
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Figure 1. COD removal efficiency of the reactors R1, R2, R3 and R4. Effluent COD
consisted mainly of acetate.

Deposition of calcium precipitates

Since the reactors were fed with synthetic waste water with a high calcium content and since
bicarbonate was produced from the anaerobic degradation of the substrate and was added in
the influent in some reactors (Table 1}, calcium carbonate precipitation could prevail. The
amount of calcium that precipitated in each reactor varied considerably. Two factors clearly
influenced the amount of calcium that precipitated; {) The influent calcium concentration; the
amount of precipitation was higher in reactor R1, fed with 1200 mgCa.l", than in R2, fed
with 600 mgCa.I’ (Table 2) and i} The COD removal efficiency; a higher COD removal
efficiency resulted in higher bicarbonate concentrations and thus in a higher CaCQ,
deposition. E.g. in R1, 265 mgCa®*.I"! precipitated at a COD removal efficiency between 60
and 90%, compared to 706 mgCa’*.I'! during periods of higher removal efficiency (Table
2). '
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Development of crushed sludge

In addition to carbonate, also phosphate was removed from the solution. The phosphate
removal efficiency fluctuated for the different reactors and also varied with the COD removal
efficiency. In.reactor R1, the effluent phosphate concentration was only 0.2 mgP.I" at a high
COD removal efficiency (i.e. 90%), while at moderate efficiency (i.e. 60-90%} it remained
at a value of 2.5 mgP.1"? (Table 2). In reactors R3 and R4, applied influent concentrations
of phosphate were higher (20 mgP.1") than in reactors R1 and R2 (6 mgP.1"). Despite the
higher influent phosphate levels, also low concentrations (0.4 - 6.5 mgP.I"") were found in
the effluent of reactors R3 and R4 (Table 2).

Place of deposition and scaling of reactor compartments

Except for reactor R3, 80-100% of the precipitated calcium accumulated in the reactors. The
wash out of small calcium precipitates amounted 20-100 mg Ca?*.1" (Table 2). In reactor R3,
87% of the calcium precipitates washed out of the system, particularly during period 1.
However, after lowering the glucose fraction in the substrate (period II), the precipitate wash
out dropped to 7% (Table 2). Contrary to the other reactors, considerable scaling (2-3 mm)
of calcium carbonate occurred in reactor R2 on the glass reactor wall above the sludge bed
and on the settler. In reactor R1, the glass wall did not show any scaling and remained clear,
In reactors R3 and R4, fed with partially acidified substrate, the reactor parts also remained

free of CaCO;. The glass reactor walls were covered with a thin, slimy layer of biomass.
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Figure 2. Ash content (% of dry weight) as measured in time for reactors R1, R2,
R3 and R4 for sludge sampled from the bottom (©) and the top () of the sludge bed.
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Sludge development

The increase in ash content of the anaerobic sludge grown in the reactors R1-R4 is shown
in Fig. 2. The inorganic fraction increased the fastest in R1; sludge from the bottom and the
top of the sludge bed reached an ash content over 70% within two months (Fig. 2). In
reactor R2, the ash content increased much slower than in R1, particularly for the top sludge.
Nonetheless, the ash content of sludges from both reactors R1 and R2 reached values over
80% after 180 days of operation. In contrast, the rate of increase in ash content in R3 and
R4 (fed with VFA and glucose) remained distinctly lower (Fig. 2). The sludges from the top
finally reached values of only 50 and 30% for R3 and R4 respectively. The ash content of
sludge from the bottorn of both reactors reached values of 80% at the end of the experiment
(Fig. 2). Together with the ash content, also the dry weight and the density of the sludge
increased (Table 3). This allowed equal or even higher concentrations of VSS to be present
at the end of the experiment compared to the start up conditions despite the high space
occupation by inorganic material. Measurement of the P-content of the sludge revealed a
sharp increase in all reactors. The P-content of the seed sludge amounted 12 mgP.gVSS™ and
increased during the experiment up to 30 - 192 mgP.gVSS! after 180 days (Table 3). The
maximum specific methanogenic activity remained more or less constant during the
experiment and amounted 0.7 gCOD.gVSS'.d' for the reactors R1 and R2 and 0.5
gCOD.gVSS™'.d" for the reactors R3 and R4 (Fig. 3).
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Figure 3. Maximum methanogenic activity (gCOD.gVSS$™'.d"") on acetate as measured

in time for the reactors R1, R2, R3 and R4 for sludge sampled from the bottom (O)
and the top (2) of the sludge bed.
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Table 3. Sludge bed characteristics at the start and the end (t=180 days) of the
expetiment. Sludge bed volume, dry weight, density, amount of VSS and the
phosphorus content are listed for bottom and top sludge and the total sludge bed.

Volume Dry weight” Density TSS VSS V8Sin  P-content of
wet sludge reactor  sludge
1)) (%) (g.I') (% of TSS)  (gram)  (mgP.gVSS?)
Start; inoculum 2 8 1055 86 145 12
Rl bottom  0.75 90 1878 11 139 192
op 0.75 70 2294 4 48 61
total 15 - - 187
R2 bottom Q.75 68 2021 9 93 72
top 0.75 28 1350 18 51 - 30
total 1.5 - -—- - 144 —
R3 bottom 1.3 44 1738 13 129 135
top 1.3 13 1100 51 95 53
rotal 2.6 -- - 224 -
R4 bottom 1.3 33 1442 17 105 149
top 1.3 8 1100 70 80 46
total 2.6 - —-- -~ 185 ---

" Dry weight was measured after removal of surface attached water by spreading the sludge
during 5 minutes on a grid, which was placed on a hydroscopic tissue (paper napkin).

The results of size distribution measurements of the granules are shown in Fig. 4. In reactors
R1 and R2, the size of the cultivated sludge particles hardly increased during the experiment.
The median diameter of the inoculum was 0.06 mm while the diameter was 0.09 mm for the
top sludge of R1 and 0.11 mm for the bottom and top sludge of R2 after 180 days. The size
distribution of the sludge from the bottom of R1 could not be measured, because serious
cementation of the sludge bed took place. In fact, it was not longer possible to operate
reactor R1 after 180 days. Scanning electron microscopy (SEM) revealed that the cemented
sludge consisted of linked small spherical particles with a diameter of approximately 100 pm
(Fig. 5a). The surface of the particles consisted of a dense crystal structure with a minor
amount of biomass (Fig. 5b). In contrast to reactors RI and R2, granulation proceeded
distinctly better in reactors R3 and R4. By the end of the experiment, the sludge bed in the
latter reactors was divided in two equal parts. The bottom part consisted of whitish particles
with a median diameter of 1.1 mm and the upper part contained black particles with a median

diameter of 0.6 mm (Fig. 4).
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