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STELLINGEN

L. Rekening houdend met het stijgende sulfaatgehalte van het grondwater in Qost-
Gelderland, is het zwavel-/kalksteenproces daar niet het meest voor de hand liggende
proces voor nitraatverwijdering uit grondwater,

Bennekom C.A. van (1987) Kwaliteitsveranderingen van grondwater als gevolg
van uitspoeling van meststoffen. A0 20, 194-199.
Kruithof J.C., Bennekom C.A. van, Dierx H.A L., Hijnen W.A M,, Paassen J.A .M.

van & Schippers J.C. (1988) Nitrate removal from ground water by sulphur/
limestone filtration. Wat. Supply 6, 207-217.

2, Hoge alkaliteit in een denitrificerend systeem met methanol als energie- en koolstof-

bron voorkomt nitrietophoping.

Dit proefschrift.

a. Heterotrofe denitrificatie met een lage slibopbrengst gecombineerd met behoud van
voldoende activiteit, beide een effect van hoge alkaliteit, heeft in het gecombineerde
ionenwisseling/biologische denitrificatieproces voor nitraatverwijdering uit grondwater
tat gevolg dat dit proces ook ten opzichte van directe biologische denitrificatie van

grondwater gekenmerkt wordt door een minimale afvaistroomproduktie.

Dit proefschrift.

4. De sgeringe capaciteitsdaling van ionenwisselaars bij gebruik van perazijnzuur als
desinfectiemiddel, die door sommigen is waargenomen, is niet zozeer te danken aan de
zeer goede kwaliteit van de gebruikie ionenwisselaars, alswel aan de onjuiste condities
waaronder de experimenten zijn uitgevoerd.

Schwab H. & Soldavini H. (1977) Desinfektion von lonenaustauschern mit
Peressigsdure Spezialqualitit IA, Chemie-Technik 6, 197-200,

Zange D. & Bauer H.J. (1971) Uber die Sterilisation von Ionenaustauschern mit
Peressigsiure, Pharm, Prax, 26, 251-252,

Falk M., Hellmig R. & Sollik E. (1982) Stabilitit von Wofatit-Ionenaus-
tauschern gegeniiber Peressigsfiure. Pharmazie 37, 387-388.

5. Het gegeven dat nitraatselectieve ionenwisselaars een iets geringere capaciteit hebben
dan sulfaatselective ionenwisselaars en moeilijker zijn te regenereren, betekent niet
dat zij daarmee per definitie minder geschikt zijn voor nitraatverwijdering uit drink-
water,

Holl W.H. & Kretzschmar W, (1988) Combined nitrate and hardness elimination
by the Carix ion exchange process. Wat. Supply 6, 51-55,
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1.

Er dienen op Europees niveau zo spoedig mogelijk afspraken gemaakt te worden en
normen vastgesteld te worden over het gebruik van ionenwisselaars in de drinkwater-

bereiding.

De Vaste Commissie Wetenschappen zou bij de beoordeling van de wetenschappelijke
prestaties van vakgroepen naast het aantal publikaties en het niveau van de tijd-
schriften waarin deze verschijnen, ook het aantal aanvragen voor reprints van die

publikaties in ogenschouw moeten nemen.

Het dilemma van het paranormale is dat alles voorspeld kan worden, maar dat slechts

een klein gedeelte daarvan ook werkelijk uitkomt.

Gezien de gunstige lichamelijke effecten van het joggen dient de uitdrukking "hard-

opers zijn doodlopers” niet al te letterlijk opgevat te worden.
Wie zich overdag verhoogt, zal in de droom vernederd worden.
Biesheuvel J.M.A. (1987) Mijn majesteitsdroom.

Geldprijzen voor wetenschappelijk onderzoek behoren in zo sterk mogelijke valuta

uitgekeerd te worden.

Stellingen bij het proefschrift "Combined ion exchange/biological denitrification for nitrate

removal from ground water” van J.P. van der Hoek.

Wageningen, 18 mei 1988,




De Bomen

Want wij zijn als boomstammen in de sneeuw. Schijnbaar staan zij er
maar bovenop en met een licht duwtje moest je ze eigenlijk weg
kunnen schuiven. Neen, dat kan je niet, want zij zijn vast met de
aarde verbonden.

Maar kijk, zelfs dat is slechts schijnbaar.

Uit Franz Kafka, ‘Verzameld Werk’
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ABSTRACT

Hoek, J.P. van der 1988. Combined ion exchange/biological denitrification for nitrate removal
from ground water. Doctoral thesis, Wageningen Agricultural University, Wageningen, The
Netherlands.

This thesis deals with the development of a new process for nitrate removal from ground
water. High nitrate concentrations in ground water are a result of fertilization in agricul-
ture. According to a directive of the European Community the maximum admissible concen-
tration of nitrate in drinking water is 11.3 mg NO3™-N/I and the guide level is 5.6 mg
NO3™-N/1. To supply water that meets this standard several water supply companies will
have to remove nitrate from ground water, Two existing techniques, viz ion exchange and
biological denitrification, have serious disadvantages when used separately. Therefore, a new
process has been developed that consists of a combination of ion exchange and biological
denitrification. In this process nitrate is removed from the ground water by ion exchange.
The ion exchange resins are regenerated in a closed circuit through an upflow siudge
blanket (USB) denitrification reactor. In this reactor denitrifying bacteria remove nitrate
from the regenerant, so that it can be used again and has not to be disposed of. As com-
pared with conventional regeneration of anion exchange resins regeneration salt requirement
and brine production are minimized. Further, in contrast with traditional single denitrifica-
tion procedures, there is no direct contact between ground water and denitrifying bacteria.

The first part of this thesis deals with the effect of high salt concentrations, as present
in the closed regeneration system, on biological denitrification. Concentrations up to 30 g
NaHCO3/1 or 30 g NaCl/l have only little effect on the activity of denitrifying sludge. With
high NaHCO3 concentrations the sludge yield coefficient decreases and nitrite accumulation
is suppressed. High sulfate concentrations (5.5 g SO42'/1) do not result in sulfide production
in an USB denitrification reactor fed with methanol, when methanol is added in an appro-
priate ratio to the amount of nitrate to be denitrified.

The second part of this thesis deals with the ion exchange part of the combined process.
Regeneration of anion exchange resins can be achieved with a solution containing 30 g
NaHCOQj3/1 provided that a larger flow rate and a longer regeneration time are used as com-
pared with conventional regeneration procedures, With nitrate selective resins it is possible
to remove nitrate from ground water that contains high sulfate concentrations, while the
nitrate capacity of these resins is not affected by high sulfate concentrations in the regen-
erant. To safeguard the bacteriological drinking water quality the resins have to be disin-
fected after each regeneration cycle by rinsing with 0.075% peracetic acid for 15 minutes or
by rinsing with 0.20% hydrogen peroxide for 45 minutes. Since the first possibility results in
an important loss of resin capacity on the long term, only the latter can be applied in
practice,

The third part of this thesis deals with the operation of a lab-scale pilot plant. The most
important process variables studied were the regenerant composition (NaCl or NaHCOQ3), the
ion exchange resin type (sulfate selective or nitrate selective) and the ground water com-
pesition (low sulfate concentration or high sulfate concentration). To explain some phenom-
ena that were observed during this research a computer model has been developed. With
this model the regeneration of anion exchange resins in a closed circuit can be optimized.

Key words:  nitrate removal, ground water, drinking water, ion exchange, regeneration,
brine, nitrate selective resin, biological denitrification, methanol, sulfide
production, disinfection, nitrate, sulfate
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CHAPTER 1
GENERAL INTRODUCTION

Nitrate in drinking water

High nitrate levels in ground water and drinking water are a serious problem in several

European countries., Two counteracting developments have recently stressed this problem.

Firstly, an increasing nitrate concentration is observed in ground water as a result of

fertilization in agriculture. Both artificial fertilizers and animal manure cause problems

(Bruyn, 1984; Van Beek et al., 1988; Furrer and Stauffer, 1986; Holtmeier, 1984; Marsh, 1980;

Richard and Leprince, 1982; Sontheimer and Rohmann, 1984; Strobel and Konig, 1985), Sec-

ondly, in the new E.C. directive relating to the quality of water intended for human con-

sumption the maximum admissible concentration of nitrate in drinking water has been de-
creased from 22,3 to 11.6 mg NO3™-N/I and the guide level to 5.6 mg NO3~-N/I (Eurapean

Community, 1980).

The acceptable concentration of nitrate in drinking water is restricted for medical rea-
sons:

L. The presence of excessive quantities of nitrates in drinking water is known to be a
health risk to infants under three months, Infantile methaemoglobinaemia, a blood
disorder in which the oxygen-carrying capacity of the blood is diminished, was first
described by Comly (1945), Since then about 2000 cases have been reported from
North-America and Europe with a mortality of 7-8 percent (Taylor, 1975). However,
the incidence of this disease is also affected by other important factors. Many re-
ported cases resulted from consumption of water of doubtful microbiclogical quality
{Miller, [982).

2. Nitrate ingestion has been suggested to be associated with an increased risk of stom-
ach cancer possibly through endogenous nitrosamine formation (Jensen, 1982). Labora-
tory animals appeared to be highly susceptible to the carcinogenic action of N-nitroso
compounds, but their role in human cancer is difficult to assess (Fraser er al., 1980).
In a case study of Beresford (1985) no evidence of a positive association between
nitrate levels in drinking water and mortatity from all cancers or stomach cancer in
particular was found in the urban areas of the United Kingdom. According to Forman
et al. (1985) there is no strong evidence that environmental nitrates and nitrites play
a major role in determing the risk of gastric cancer in Britain,

Although the stringent limits on nitrate in drinking water are still open to questions, as
described above, watér supply companies will have to deal with these regulations and from
reports from several countries (summarized in the next paragraph) it is clear that part of
the supplied water has already reached or will soon reach the E.C. standards.

The extent of the nitrate problem

In the Netherlands about two-thirds of the drinking water originates from ground water, The
Netherlands Waterworks Testing and Research Institute (KIWA) estimates that 25% of the
well fields exploited by the Dutch Waterworks will experience problems, either with nitrate
itself or with reaction products of nitrate reduction (Van Beek et al., 1984),

The Institute for Land and Water Management Research has made indicative calculations
of future nitrate concentrations in ground water in relation to the use of manure as ferti-
lizer in agriculture. The caiculations included 166 ground water pumping stations on sandy



sails with a total annuat abstraction of 551.2 m3. In the report the following conclusions are
drawn from the calculations (Werkgroep Nitraatuitspoeling Waterwingebieden, 1985):

Table 1. Percentage of delivered drinking water with nitrate concentrations
permanently or perfodically above the maximm admissible concentration (11.3 mg
NOy -N/L) or guide level (5.5 mg NO3 -N/L)

country sbove 5.6 above 11.3 ref® ren?
mg NO3™-N/L mg Nog -N/t

United Kingdom 36.0% 7.0% 1 1

France 19.6% 2.2% 2,3 1

West-Germany

- total - 5.3% & 1
- Bavaria 23.5X% 6.2% 5 1
- Federal Land of 29.0% 6.0% 4 1
Baden-wiirttemberg

- Northrine-Hestfalia - 2.1% [ 2
Dermark B.0X 2.0% 7,8,13 1
Finland 1.0x¢ 0.0% 9 1
Austria

- Upper Austria 28.0%¢ 4.0% 16 1
- Lower Austria 40.0%° 15.0% 10 1
Switzeriand

- Canton Bern 6.0x° 2.0%®% 1" 1
Czechosiovakia 14.0x* 1.5% 12 1
Hurgary - 7.0%% 13 1
The Netherlands 3.3% 0.8% 14,15 2

a: references: 1, Hall, 1986; 2, Balley et al., 1985; 3, Fried, 1985; 4, Selenka,
1985; 5, Strobel and Kbnig, 1985; 6, Holtmeier, 1984; 7, Schreder
et al., 1985; 8, Rerdam, 1985; @, Hiisvirta, 198&6; 10, Mecl, 1986;
11, Miller, 1981; 12, Chalupa, 1986; 13, Amonymus, 1987; 14, Van
Beek et al., 1984; 15, Kruithof et al., 1988.

b: remarks: 1, based on volume of water supplied; 2, based on number of water

supply sources.

: above 6.8 my NGz -N/L

: above 4.5 mg NOg -N/L

: above 9.0 mg NOgz -N/L

: above 3.4 mg MOz -N/L

- 0 Qo



- With unchanged use of manure in agriculture, i.e. with no restrictions in the protection
zone and the surrounding fields, 16 stations will exceed the EC-level of 11.3 mg NO3™-N/I
and 45 stations will exceed the guide level of 5.6 mg NO3™-N/i in the year 2080,

- With extreme fertilization restrictions, i.e. application of 50% of the optimum nitrogen
dose in the protection zone but no restrictions in the surrounding fields, still 2 stations
will exceed the level of 11.6 mg NO3™-N/1 and 19 stations will exceed the guide level of
5.6 mg NO3™-N/L.

From these figures it is clear that several problems are expected in the forthcoming years

in the Netherlands.

Also in other countries nitrate in drinking water is a serious problem. Table 1 summarizes
figures from several countries in Europe. The figures concern either the volume of water
supplied or the number of water supply scurces,

The approach to the nitrate problem

In the Netherlands one of the approaches to solve the nitrate problem is to control the use
of animal manure in agriculture. The legal framework for the regulation of the use of animal
manure consists of the Soil Protection Act and the Fertilizer Act. The Soil Protection Act
concerns limitation and regulation of manure application, while the Fertilizer Act addresses
to manure quality demands (Scheltinga, 1985). These protection strategies are based on phos-
phorus dosage and it is questionable whether these regulations are effective in controlling
nitrate pollution of ground water (Van Bennekom et al., 1987; Rang, 1986; Trouwborst, 1987).
Data of the Institute for Land and Water Management Research (Werkgroep Nitraatuitspoe-
ling Waterwingebieden, 1985) have shown that even with extreme restrictions in the use of
manure, still several water supply stations wil have to deal with high nitrate levels in
ground water,

As the origin of the problem is an intensification of animal husbandry, the Interim Act
Restriction Pig- and Pouitry Farms forbids the operation of new pig- and poultry farms and
the extension of existing farms (Scheltinga, 1985).

Besides control of nitrate at the source, which seems to give no complete solution in the
Netherlands, other methods are available for controlling nitrate concentrations in drinking
water (Millet, 1982; Sorg, 1979):

1. development of another supply

2. blending of supplies

3. provision of low-nitrate bottled drinking water

4, removal of nitrate during treatment

Methods 1 and 2 have the disadvantage that the water quality elsewhere may change with
time, These alternatives do not give a permanent solution. The third method has considerable
practical and financial implications. On the short term nitrate removal during treatment
seems to be the only possibility to supply water with acceptable concentrations. Some of
these treatment techniques will be discussed in the next paragraph,

Nitrate removal techrigues

Several techniques have been proposed for the removal of nitrate from drinking water. Some
of these techniques are summarized in Table 2 (Dobias et al., 1985, Ginocchio, 1980; Good-
man, 1975; Gros and Ginocchio, 1982; Haberer, 1984; Hall et ai., 1985; Van der Hoek and
Klapwijk, 1987, Rautenbach et al., 1986; Richard and Leprince, 1982; Sontheimer and Roh-
mann, 1984; Sorg, 1979). Chemical reduction appears to be only economically attractive with
ferrous iron, but large amounts are required, and the process needs a catalyst and must take
place in an alkaline sotution (Barlog, 1980, Sorg, 1979). Electrodialysis and reverse osmosis,
both membrane processes, are also unattractive for nitrate removal. These processes are not



selective for nitrate, produce a voluminous ¢oncentrated waste, and need a pretreatment
{Richard and Leprince, 1982). Only ion exchange and biological denitrification can be con-
sidered feasible and practical for full-scale treatment of drinking water. However, both these
processes have serious disadvantages.

Teble 2. Nitrate removal techniques

jon exchange

biological denitrification

combined jon exchange/biolegical denitrification
reverse osmosis

electrodialysis

chemical reduction

Ion exchange is a relatively simple process. Nitrate is exchanged for chloride or bicar-
bonate by means of an anion exchange resin. After a certain time the resin has to be
regenerated, and for this purpose concentrated sodium chloride or sodium bicarbonate solu-
tions are used. A large excess of salt is needed, and during regeneration a voluminous brine
is produced. Some figures are given in Table 3. This brine contains very high chloride,
bicarbonate, sulfate and nitrate concentrations, and hence is very difficult to dispose of.

Table 3. Corwentional regeneration procedures of strong base anion exchange resins

regenerant concentration flow flowrate time spent regen- ref®
/1) Bv/® (b erant (VP

NaCl B0 co-current & »>0.5 >3 1
NaCl/NaHCO3 60 co-current 4 1.125 4.5 2,3
Nacl 110 ca-current 2.9 0.92 2.7 4
NaCl 30-60 co-current 5 0.75 3.7 5
Nacl 100 co-current - - 3 )
NaCl 60 to-current - - 4 7
NeaCl 60 co-current - - 1.5 8
NaCl 75 counter-current - 0.83 - 9
NaCl 40-60 counter-current  &4-6 - - 10
Hacl - co-current - - 2.8 11

a: bed volumes per hour

b: bed volumes

c: references: 1, Buelow et al., 1975; 2, Deguin et al., 1978; 3, Deguin, 1982; 4,
Anderson et al., 1985; 5, Guter, 1982; &, Gauntlett, 1975; 7, Guter,
1984; 8, Lsuch and Guter, 1986; 9, Partos and Richard, 1985; 10,
Guilhem, 1985; 11, Philipot and de Larminat, 1988.



Biological denitrification is a process by which nitrate is converted into nitrogen gas by

denitrifying bacteria. The process is carried out under controlled conditions in a bioreactor
containing denitrifying bacteria. Basically two denitrification processes can be distinguished:
heterotrophic denitrification and autotrophic denitrification. In heterotrophic denitrification
processes organic carbon supplements are used as energy and carbon source. In autotrophic
denitrification processes an inorganic carbon source is used (CO») while oxidation of hydro-
gen or reduced sulfur compounds delivers the required energy. Both heterotrophic and auto-
traphic denitrification processes have important disadvantages:

A direct contact is created between ground water, which is generally sterile, and
bacteria. In the case of heterotrophic denitrification also a carbon source has to be
added to the ground water. This implies a risk of a bacteriological contamination of
the ground water (Dries et al., 1988; Frank and Dott, 1985; Hijnen ef al., 1988; Milller
and Kihn, 1982) and extensive post treatment is necessary to safeguard the drinking
water quality (Haberer, 1984; Leprince and Richard, 1982; Overath et al., 1986; Phili-
pot, 1982; Roennefahrt, 1985; Sontheimer et af., 1982).

The reduction of nitrate to nitrogen gas proceeds via nitrite. This toxic intermediate
product is often present in the effluent of denitrification reactors. The maximum
acceptable concentration of nitrite in drinking water is only 0.03 mg NO»™-N/1 (0.1 mg
NO»y~/1} (Eurepean Community, 1980). Some examples of nitrite production in biological
denitrification processes for nitrate removal from potable water are shown in Table 4.
The first and second alternative mentioned in part I of this table are currently being
tested on demonstration-plant scale and application in practise is being considered.
The other three possibilities concern the use of immobilized bacteria in a matrix and
are only in an experimental stage of development.

nitrate low groundwater nifrate low groundwater

nitrate rich groundwater nitrote rich groundwater
ion exchanger 1: nitrate removal ion exchanger 1 . regeneration
ion exchanger 2 : regeneration ion exchanger2 : nitrate removal

Fig. 1. Combined ion exchangesbiological denitrification for nitrate removal from
ground water.

The above mentioned disadvantages of biological denitrification and ion exchange can be
aveided by combining these processes into one technique: combined ion exchange/biologicat
denitrification, This process is schematically shown in Figure 1. Nitrate is removed from the
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ground water by ion exchange. Regeneration of the nitrate-loaded resins is carried out in a
closed circuit through a biological denitrification reactor. In the simplest form one ion
exchange column (column 1) is in the service mode while the other column (column 2) is in
the regeneration mode. When ion exchange column | is exhausted and column 2 is regen-
erated, the production of potable water is continued by column 2 and column 1 can be
regenerated.

NaCl
- ¥
denitrification resin which has to
reactor he regeneroted
NO-; — N2 T+ NOy— (1" NOB_

NGz« (I
arganic
[-sourca
NaHCOy
HCOg :

denitrification resin which has fo
reactor be regenerated
N03- — Nz HCOj + Nf)a‘ —“"'HCUB- + NU':]-
CHy0H ~=C03/HC03

HCOg « NOg

organic
C-source

Fig. 2. Regeneration of & nitrate-loaded resin into the chloride form (above) or
bicarbonate form (down) in @ closed circuit with a denitrification reactor.

The regeneration procedure in a closed system with a denitrification reactor, shown in
Figure 2, is a new approach in ion exchange processes for nitrate removal from ground
water, It can be carried out with a sodium chloride or sodium bicarbonate solution as regen-
erant. The regenerant passes over the ion exchange column and exchanges nitrate on the
resin for chloride or bicarbonate. After passage the nitrate rich regenerant is led through a
denitrification rteactor where denitrifying bacteria coavert nitrate to nitrogen gas. The
carbon source (methanol) which has to be added is converted into bicarbonate, carbonate,
water and biomass. The regenerant is recirculated through the ion exchange column and
denitrification reactor until the resin has reached a sufficient chloride or bicarbonate
loading to be used in the service mode for nitrate removal again, The regeneration thus
takes place in a closed circuit.



The combined process has several advantages over ion exchange and biological denitrifi-
cation as separate techniques:

1. Compared with ion exchange regeneration salt requirements and brine disposal are
minimized. The use of a closed regeneration circuit implies that the excess of sait is
kept within the system and reuse of the regenerant means a reduction of brine dis-
posal problems. Moreover, the denitrification reactor produces bicarbonate, which is a
suitable regeneration ion. The proposed regeneration procedure results in important
financial advantages (Van der Hoek, 1987).

2, Compared with biological denitrification a direct contact between the ground water
and denitrification reactor is avoided. Hence, the risk of a bacteriological contamina-
tion is minimized and nitrite will not affect the treated water quality.

An additional benefit concerns the temperature effect on denitrification. Ground water

normally has a temperature of 10-12 °C. In the closed regeneration circuit the temperature

easily reaches 20-25 °C during summer, while during winter some heating and good isolation
may keep the temperature wefl above 15 °C. Besides, the exothermic denitrification reaction
generates heat (Bosman and Hendricks, 1981; Francis and Malone, 1977) which keeps the
temperature high in the closed regeneration circuit during winter. Thus, direct treatment of
ground water by biological denitrification, or treatment by ion exchange with biological
denitrification of the spent regenerant, as in the combined ion exchange/biological deni-
trification process, results in a difference of at least 10 °C in the denitrification reactor.

This is important since denitrification is rather temperature sensitive. For several carbon

sources Lewandowski (1982) measured Qg values ranging from .94 to 2.05 and Timmermans

and Van Haute (1983) measured a Qg of 3.33 for denitrification with methanol.

Objective and outline of the present study

The present study was intended to develop and test the combined ion exchange/biological
denitrification process. Before it is possible to design and run plants for nitrate removal
from ground water on the basis of the combined process, it is first necessaty to study
biological denitrification and ion exchange separately in view of the interfacing of both. For
the specific process conditions that will prevail in the combined process very little is known
about biological denitrification and ion exchange. This research is described in chapters 2 to
6.

Chapter 2 deals with the effect of high sodium chloride and sodium bicarbonate concen-
trations on denitrification, while chapter 3 deals with denitrification in the presence of high
sulfate concentrations. These are important aspects, since in the combined process the
denitrification reactor will treat a regenerant containing high chloride, bicarbonate and
sulfate concentrations. In chapter 4 the use of a nitrate selective resin and a low concen-
trated regenerant are discussed. In the combined process a low concentrated regenerant is
used to avoid severe inhibition of the denitrification reactor by high salt concentrations.
However, this affects the regeneration procedure of the resins. The use of nitrate selective
resins offers possibilities to treat ground water containing high sulfate concentrations, but
this requires some changes in process control, Especially the length of the service mode and
of the regeneration mode are influenced by the use of nitrate selective resins. Chapters 3
and 6 deal with the use of disinfectants in the combined process. Although the biological
denitrification reactor is not in direct contact with ground water, still bacteriological con-
tamination of the treated ground water may occur because during regeneration the resins
become contaminated as a result of carry-over of sludge particles from the denitrification
reactor into the ion exchange column. After regeneration the resins are used for nitrate
removal and, without additional measures, would contaminate the ground water. Chapter 5
describes how disinfection of the resins during rinsing, after regeneration, prevents bac-
teriological contamination of the ground water by the resins. In chapter 6 the effect of
disinfectants on resin capacity is described.



The actual process, including plant design and pilot plant experiments, is described in
chapters 7, 8 and 9. Chapter 7 deals with the basic design criteria and describes one of the
four process conditions that have been studied. The other three process conditions under
which the pilot plant has been tested are discussed in chapter 8. In chapter 9 a mathemati-
cal model is presented which describes the combined ion exchange/biological denitrification
process. The model has been used to explain some phenomena, especially a rather low de-
nitrification reactor capacity, observed during the pilot plant experiments and to assess
optimal conditions for the regeneration process of the ion exchange columns in a closed
circuit,
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Denitrification with methanol in the presence
of high salt concentrations and at high pH levels
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Summary. In the combined ion exchange/biologi-
cal denitrification process for nitrate removal
from ground water, in which nitrate is removed by
ion exchange, the resins are regenerated in a
closed circuit by a biological denitrification reac-
tor. This denitrification reactor eliminates nitrate
from the regenerant. Methano! is used as electron
donor for biological denitrification. To obtain
sufficient regeneration of the resins within a rea-
sonable time, high NaCl or NaHCO, concentra-
tions (10—30 g/1) in the regenerant arc necessary.
High NaHCO; concentrations affected the bio-
logical denitrification in three ways: a) a slight de-
crease in denitrification capacity (30%) was ob-
served; b) the yield coefficient and CH,OH/
NO; -N ratio decreased. When high NaHCO;
concentrations (above 10g NaHCO,/1) were
used, the yield coefficient was 0.10—0.13 g VSS/g
NO; -N and the CH,OH/NO, -N ratio was
2.00—-2.03 g/g: ¢) high NaHCQ; concentrations
influenced nitrite production. Nitrite is an inter-
mediate product of biological denitrification and
with rising NaHCO; concentrations nitrite accu-
mulation was suppressed. This was explained by
the effect of high NaHCO, concentrations on the
pH in the microenvironment of the denitrifying
organisms. High NaCl concentrations also re-
sulted in a slight decrease in denitrification capac-
ity, but the second and third effects were not ob-
served in the presence of high NaCl concentra-
tions.

Although the pH in the regenerant will rise as
a result of biological denitrification, the capacity
of a denitrification reactor did not decrease sig-
nificantly when a pH of 88—-9.2 was reached.

Offprint reguesis to: 1. P. van der Hoek

Introduction

Nitrate in ground water is becoming an important
problem for many water supply companies in Eu-
rope. Increasing nitrate concentrations in ground
water are a result of fertilization in agriculture.
Both artificial fertilizer and animal manure cause
nitrate problems {Bruyn 1984; Furrer and StaufTer
1986; Marsh 1980; Sontheimer and Rohmann
1984). At the same time, the maximum admissible
concentration of nitrate in drinking water is being
decreased from 22.6 to 11.3 mg NO; ~-N/1 accord
ing to an E.C. Council Directive (European Com-
munity 1980). Therefore nitrate removal processes
have to be applied at ground water stations (Rich-
ard and Leprince 1982; Sontheimer and Roh-
mann 1984; Partos and Richard 1985). Although
only ion exchange and biological denitrification
are currently considered practical and feasible for
full scale treatment of drinking water, it is known
that both processes have serious disadvantages
(Van der Hoek and Klapwijk 1985).

These disadvantages can be avoided by com-
bining the two processes into one (Van der Hoek
and Klapwijk 1987). In this process nitrate is re-
moved from ground water by ion exchange while
regencration of the resins is carried out by way of
a biological denitrification reactor. The combined
process is called “biological/physical chemical
nitrate removal from ground water”,

The regeneration procedure is schematically
shown in Fig. 1. It can be carried out with a NaCl
solution or with a NaHC(, solution as a regener-
ant. When NaCl is used, the regenerant passes
over the nitrate-loaded ion exchange column to
exchange nitrate ions for chloride ions. After hav-
ing passed the ion exchange column the regener-
ant, now rich in nitrate, is led through a denitrifi-
cation reactor. In this reactor the denitrifying bac-
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denitrification
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CH30H——C03/RCD3
HCOy « NO§
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Fig. 1. Regeneration of a nitrate-loaded resin (o the chloride
form (above) or bicarbonate form (below) with a denitrifica-
tion teactor

teria convert nitrate to nitrogen gas, and methanol
— used as carbon source and energy source — is
converted to bicarbonate, carbonate and water ac-
cording to the following reaction:

6NO;~ + SCH,0H —>

1
3N, + 8H,0 + 4HCO,~ + C0O;*~ ()
Including the methanol and nitrate used for
growth, the overall denitrification reaction is as
follows (McCarty et al. 1969):

NO,;~ + 1L.O8CH,OH —» 0.065CsH,0,N
+ 047N, +0.76CO, (2)
+144H,0 + OH -

Then the regenerant is passed again through the
ion exchange column and denitrification reactor,
until the jon exchanger has reached a sufficient
chloride loading and can be used in the service
mode to remove nitrate from ground water, In
this way regeneration of the resins is carried out
in a closed circuit minimizing regeneration salt re-
quirement and brine production.

Before a plant based upon this process can be
designed, the effect of several parameters on the
biological denitrification reactor must be known.
This paper describes the effect of high NaCl and
high NaHCQ; concentrations on denitrifying
sludge. In particular, the effects on denitrification
capacity, on the yield coefficient, on the CH,OH/

NO;~-N ratio, and on nitrite production were
studied. As can be seen from reaction (1), in the
regeneration circuit the pH and the bicarbonate
concentration will rise. This mcans that when
NaCl is used as regenerant, after some time this
regenerant will also contain high bicarbonate con-
centrations. For this reason the effects of pH and
of a mixed NaCl/NaHCO; solution on denitrify-
ing sludge was also studied.

Materials and methods

Apparatus. Experiments to study the effect of high sodium bi-
carbonate concentrations on the activity of denitrifying sludge
and the effect on nitrite production were carried out in 5- stir-
red batch reactars. The concentration of the flocculant deni-
trifying sludge in these reactors was 2.0—2.5g 8§8/1 (sus-
pended solids).

All other experiments were carried out in Upflow Sludge
Blanket (USB) denitrification reactors (Klapwijk et al. 1979;
Klapwijk et al. 1981) with a working volume of 0.5 1 (diameter
4.4 cm), 2.51 (diameter 9.0 cm) and 4.0 | {diameter 9.0 cm). In
these experiments granular denitrifying sludge was used (gran-
ules 1 —3 mm), adapted to methanol. Sludge concentrations
and upflow velocities for each experiment are given in the
“Results and discussion™ section.

Feed solution. In all experiments methanol was used as an
electron donor and as a carbon source. [n addition to metha-
nol some other nutrients were added. The composition of the
feed solution in relation to the nitrate concentration is given in
Table 1.

Analyses. Nitrate analyses were made either by the salicylate
method according to the Dutch Normalised Standard Meth-
ods (NN 1981) or by liquid chromatography with a Chrom-
pack HPLC column, packing material lonospher tmA (dim.
250 x 4.6) and UV detection at 205 nm (Spectroflow 773 UV
absorbance detector). Nitrite was analysed either using the
reagent of Griess Romijn Van Eck (NNI 1972), or by liguid
chromatography as described above. Chloride was analysed
by liquid chromatography with the same column and detected
by a Knauer differential refractometer, Bicarbonate was deter-
mined according to the Dutch Normalised Standard Methods
(NN1 1966).

Methanol analyses were carried out by gas chromatogra-
phy using a Packard Becker model 417 equipped with a 2 m
{6 mm x 2 mm) glass column and a flame ionization detector.
The glass column was packed with 10% Fluorad 431 on 100—
200 mesh Supelco-port. The flow rate of the carrier gas, ni-
trogen saturated with formic acid, was 30 ml/min. Column

Table 1. Composition of the feed solution fer denitrification

CH,OH 30 g/g NO:—-N
PO~ 17.7 mg/g NO;~-N
NH,*-N 51.5 mg/g NO, " -N
MgCls-6H50 425 mg/g NO, —-N
FeCl:-6H.0 7.05 mg/g NO; ~-N
MnCl.-4 H,O 11.27 mg/g NO, " -N
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temperature was 90°C, detector temperature was 180°C and
injection part temperature was 200°C.

Suspended solids (58) and volatile suspended solids {VS5)
were determined accerding to Standard Methods (American
Public Health Association 1980).

Yield coefficient. The yield coefflicient (g ¥S5/g NO, ™ -N) was
calculated from influent and effluent nitrate, nitrite and me-
thanaol concentrations of the USB denitrification reactor by ex-
pressing alt concentrations as COD {chemical oxygen de-
mand) and NOE (nitrate oxygen equivalent). A mass of NOE
is the equivalent mass of oxygen that would accept as many
electrons as the amount of nitrate during reduction to dini-
trogen or to nitrite {Klapwijk et al, 1981). Then the sludge in-
crement (expressed as C0OD) can be derived from the differ-
ence in COD removal and NOE removal, and as it was mea-
sured that | kg sludge VSS was equal to 1.52 kg COD, the
sludge increment expressed as V5§ can be calculated, and fi-
nally the yield coefficient expressed as g V585/g NO; ™ -N is
known.

Results and discussion

Effect of high sodium bicarbonate and sodium
chigride concentrations on the capacity of
denitrifying sludge

In Fig. 2 the effect of high sodium bicarbonate
and sodium chloride concentrations (USB reactor
upflow velocity 0.5m/h, sludge concentration
36 g V585/1) an the capacity of denitrifying sludge
is shown. The pH of the NaCl solution was 7.6
and of the NaHCOj; solution 8.3. Each salt con-
centration was maintained for a period of 6—3§
days. With 30 g NaHCO,/1 the remaining capac-
ity was 75%, and with 25 g NaCl/1 at first 40%,
but after a period of three weeks it increased to
60%. This means that there is only slight inhibi-
tion. Claus and Kutzner (1985a) studied the effect

denrtrification
capat:ty (%)

100 ]

86 1 \ *
80 - N T
40 T .NaKCOy
1 = Nall
20 %
A

satt concentration {g/L)

Fig. 2. Infuence of sodium bicarbonate and sodium chloride
on denitrification capacily (maximum capacity set to 100%).
Arrow indicates increased capacity after three weeks ol opera-
tion at 25 g NaCl/1

of high cancentrations of nitrate, thiosulfate, sul-
phate and chloride on autotrophic denitrification.
It was concluded that sodium chloride had no in-
hibitory effect up to 20 g/l In a closed-system
aquaculture for salmonid rearing, in which 95% to
100% of the purified culture water was recircu-
lated to the fish-rearing tank, nitrate was removed
from the water by biological denitrification. Fresh
water denitrification columns adapted readily to
artificial sca water with a salinity of 18 g/1 with-
out observable inhibition (Balderston and McN.
Sieburth 1976).

However, in another experiment a sudden in-
crease in NaHCQ, concentration from 0 to 40 g/1
resulted in a loss of denitrification capacity of al-
most 60% (results not shown).

Effect of influent pH on the capacity of an USB
denitrification reactor

Denitrification has been carried out at a wide
range of pH values. Claus and Kutzner (1985b)
described the denitrification of nitric acid with
methanol as electron donor without neutralization
at pH 5.8. The population growing under these
conditions proved to be very effective in nitric
acid removal. The optimal pH for denitrification
with methanol by Hyphomicrobium spp. is 8.3
(Timmermans and Van Haute 1983).

To study the effect of influent pH on a contin-
uous denitrification reactor, as used in the biolog-
ical/physical chemical nitrate removal process, an
USB denitrification reactor was run at different
influent pH values (sludge concentration 32 g
V8S/1, upflow velocity 1 m/h). Each experiment
at a certain pH value lasted for 78 days. The
capacity was mecasured as g NO, -N reduced
perm’ reactor volume per hour. It was of special
interest to measure the capacity at high pH values,

denitrification copacity
{gNG-N/[min])

50 .
400

30

15 80 8 90 95
pH

Fig. 3. Influence of influent pH on the capacity of an USB
denitrification reactor
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because in the process the regenerant has a pH in
the range of 8.8—9.2, as was measured in a pilot
plant (Van der Hoek and Klapwijk 1987).

The results are presented in Fig. 3. The ef-
fluent pH ranged from 9.2 to 9.5. Although it is
not possible to draw any conclusions about a pH
optimum in the range of 8.0—8.5, it is clear that in
the range of pH 8.8—9.2, which can be expected
in the regeneration circuit in the biological/physi-
cal chemical nitrate removal process, the denitrifi-
cation capacity is close to the maximum capacity
of an USB denitrification reactor of 500 g NO, -
N/(m*-h), as reported by Klapwijk et al. (1979).

Effect of high NaCl and NaHCO; concentrations
on the vield coefficient and CH,OH/NO; -N
ratio

An important aspect in the biological/physical
chemical nitrate removal process is the amount of
methanol which has to be injected into the regen-
eration circuit for the reduction of nitrate to ni-
trogen gas. It is also important to have a record of
sludge production in the process. Although brine
production is minimized by using a closed regen-
cration circuit, sludge will be produced as a result
of the use of a biolagical denitrification reactor
and disposal of this sludge may cause problems.
McCarty et al. (1969) calculated that for the re-
duction of 1 g NO; ~-N 2.47 g CH;0H is required
and that the vyield coefficient is 0.53 g VSS/g
NQ; -N. Other authors reported values that are
close to these figures (Christensen and Harremoés
1975, Engberg and Schroeder 1975; Timmermans
and Van Haute 1983; Claus and Kutzner 1985b).

To determine whether high NaCl concentra-
tions or high NaHCO; concentrations affect the
CH,OH/NO, ™ -N ratio and the yield coefficient,
two USB denitrification reactors were run. In one
reactor (sludge concentration 36 g VSS/1, upflow
velocity 0.5 m/h) the NaCl concentration in the
influent was step-wise increased, and in the other
reactor (sludge concentration 53 g VSS/1, upflow
velocity 0.1—0.5 m/h) the NaHCO; concentra-
tions in the influent was step-wise increased.
Neither reactor was nitrate- or methanol-limited
as the influent contained excess nitrate and me-
thanol. The results are presented in Tables 2 and
3. It is clear that at high NaCl concentrations the
vield coefficients and CH:OH/NQO;"-N ratios
are in good agreement with the values reporied in
literature. However, when the NaHCQO; concen-
tration in the influent was increased, the CH;OH/
NQO, ™ -N ratio almost decreased to the stoichiom-

Table 2. Effect of increasing NaCl influent concentrations on
the yield coelficient and CH;OH/NQ; ™ -N ratio in an USB
denitrification reactar

NaC(l concentration  Yield CH;OH/NO;~-N

influent (g/1) (g v8S/g NO,~-N) {g/g)
& .50 2.33
2.5 61 2.47
5.0 .54 2.36

10.0 42 2.23

15.0 0.67 2.51

20.0 0.52 2.40

25.0 0.74 2.65

Table 3. Effect of increasing NaHCQ, influent concentrations
on the yield coefficient and CH;OH/NQ; ™ -N ratio in an USB
denitrification reactor

NaHCO, Yield CH,OH/NO,~-N
conceniration (g V85/g NO:~-N) (g/g)
infuent {g/1}
8.6 0.31 2.21
13.2 0.10 2.00
18.1 0.12 202

etric value of 1.90 (reaction 1}. In accordance with
this, the yield coefficient decreased to a very low
value of 0.10—0.12 g ¥S5/g NO; -N.

Thus both sludge production in the USB deni-
trification reactor and the methanol consumption
are very low when NaHCO; is used as regenerant.
When NaCl is used as regenerant it is important
to realize that within a short time the bicarbonate
concentration will become high as a result of the
biological activity in the denitrification reactor
(see reaction ). For this reason an investigation
was made of how an USB denitrification reactor
would respond when a high NaCl influent con-
centration was gradually changed to an influent
with both NaCl and NaHCO,. This experiment
was carried out in a USB denitrification reactor,
working with an upflow velocity of 0.25 m/h and
with a sludge concentration of 48 g VS85/1. The
NaCl concentration and NaHCO; concentration
in the influent was changed in such a way, that
the total concentration expressed in mmol/l re-
mained the same. The results are presented in Ta-
ble 4. After the NaHCOQ; influent concentration
was raised to 4.8 g/1, also in this case the vield
coefficient and CH,OH/NO, ™ -N ratio decreased
to low values. An explanation for this phenome-
non is currently not available. From the differ-
ences in the results presented in Tables 3 and 4 it
is clear that there is no abselute relation between
bicarbonate concentration and sludge vield.
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Table 4. Effect of a mixed NaCl/NaHCQ; influent concentra-
tion on the yield coefficient and CH;OH/NO, ~-N ratio in an
USB denitrification reactor

Influent salt concentration Yield CH;0H/NO; ™ -N
{g ¥SS/g  (g/g}

NaCl NaHCO. Total NO;-N)

&1 (gl (mmol/1)

184 00 315 .51 241

16.6 2.5 34 0.56 2.47

15.6 1.8 324 031 2,22

150 7.1 341 .21 211

12.4 9.6 326 013 203

Effect of high sodium bicarbonate concentrations
on nitrite production during biological
denitrification

Nitrite production ¢an be a serious problem in a
biological denitrification process, especially in the
case of drinking water treatment, because the
maximum admissible concentration is only 0.1 mg
NO;” /1 (European Community 1980). When
drinking water is treated directly by biological de-
nitrification, often unacceptable nitrite concentra-
tions have been observed in effluent water (Nils-
son et al. 1980; Philipot 1982; Richard and Le-
prince 1982; Kurt et al. 1984; Frick and Richard
1985 Philipot et al. 1985; Miiller and Sperandio
19286). .

In all our experiments in which the effect of
high NaHCQ; concentrations on denitrification
capacity, vield coefficient and CH.OH/NQO;~-N
ratio was studied, an important effect of bicar-
bonate on nitrite production was observed. The
maximum nitrite concentrations in the batch ex-
periments in which the denitrification capacity
was measured in the presence of high NaHCO,
concentrations are presented in Fig. 4. The nitrite
concentration in the effluent of the USB denitrifi-
cation reactor in which the NaCl influent concen-
tration was changed to a NaCl/NaHCO, mixture
is shown in Table 5. 1t is clear that high NaHCO,
concentrations resull in reduced nitrite concentra-
tions.

A possible explanation for the observed low
nitrite concentrations in response to high bicar-
bonate concentrations in the feed may be a buf-
fering effect of bicarbonate on the microenviron-
ments of the denitrifying organisms. According to
the investigations of Arvin and Kristensen (1982)
higher pH wvalues prevail in denitrifying biofilms
when methanol or ethanol are used as substrates
compared with the pH in the bulk sclution. Arvin
and Kristensen (1982) measured pH values inside
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NO;-N concentration {mg/l]
i
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N I
NaHCO, concentration (g/1)

5 ©

Fig. 4. [nfluence of sodium bicarbonate on nitrite concentra-
tions observed in batch experiments during reduction of ni-
frate to nitrogen gas

Table §. Effluent nitrite concentrations {mean and standard
deviation) of an USB denitrification reactar in the presence of
high NaHC Gy concentrations

Salt concentration influent {g/1} Nitrite in effluent

(mg NG, -N/1)
NaCi NaHCO,
18.4 0.0 0.52x0.11
16.6 15 0.36+0.04
15.6 4.8 0.19+0.07
15.0 T 0.15£0.03
12.4 4.6 0.06+0.04

denitrifying biofilms up to 9.5 and a pH diffet-
ence between the interior and surface of a deni-
trifying biofilm up to two pH units. Since the re-
duction of nitrite to nitrogen gas causes this pH
rise, it is possible that this reaction is inhibited,
resulting in nitrite accumulation. In the presence
of high bicarbonate concentrations this pH rise
will be buffered better, with the effect that this
reaction is not inhibited. According to Arvin and
Kristensen (1982), increased alkalinity in the bulk
solution indeed decreases the pH difference be-
tween interior and surface of denitrifying bio-
films.

This effect of NaHCO; was also seen in an ex-
periment with an USB denitrification reactor
(sludge concentration 30 g V8S/1, upflow velocity
1 m/h) shown in Fig. 5. The nitrite concentration
in the effluent was very high, but after NaHCO,
was added to the influent (10 g/1), the nitrite con-
centration in the effluent reduced to almost zero.
Also the effluent nitrate concentration was re-
duced. Probably the high nitrite concentration be-
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Fig. 5. Effect of sodium bicarbonate dosing in the influent of
an USB denitrification reactar on nitrite concentrations in the
cffluent

fore starting the NaHCQ; dosage inhibited the
denitrification process. Inhibition has already
been measured above 30 mg NO,~-N/I (Klotter
1969).

Conclusions

The experiments discussed above have shown that
the combined ton exchange/biological denitrifi-
cation process is a feasible technique for nitrate
removal from ground water. Denitrification is
possible in the presence of 10—30g/1 sodinm
chloride or sodium bicarbonate, which is required
in the closed regeneration circuit. High pH values
in the regeneration circuit wiil not inhibit the de-
nitrification reactor severely. Waste production is
minimal: firstly, brine production is low as a re-
sult of the closed regeneration circuit, and sec-
ondly, sludge production by the denitrification
reactor is also low as a result of low sludge vield
in the presence of high bicarbonate concentra-
tions. The high bicarbonate concentration in the
system suppresses nitrite accumulation. Nitrite
production is one of the main problems of direct
biological denitrification of ground water.
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CHAPTER 3

EFFECT OF HYDRAULIC RESIDENCE TIME ON MICROBIAL SULFIDE
PRODUCTION IN AN UPFLOW SLUDGE BLANKET DENITRIFICATION
REACTOR FED WITH METHANOL

J.P. van der Hoek, P.J.M. Latour and A. Klapwijk
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SUMMARY

In the combined ion exchange/biological denitrification process for nitrate removal
from ground water anion exchange resins are regenerated in a closed circuit by
way of an upflow sludge blanket denitrification reactor. The regenerant {a con-
centrated sodium bicarbonate solution) is recirculated through the ion exchanger
in the regemeration mode and the denitrification reactor. In the closed system
sulfate accumulates to very high concentrations. For that reason it was examined
under what process conditions sulfate reduction occurs in an upflow sludge
blanket denitrification reactor, when the influent contains high sulfate concentra-
tions (545 g 5042'/1’) and high sodium bicarbonate concentrations (198 g
NaHCO3/1) in addition to nitrate and methanol.

It appeared that at a hydraulic residence time of 5 h sulfide production started,
when the nitrate loading rate was 20% of the denitrification reactor capacity and
methanol was added in excess. The excess of methanol was converted Into acetale
after nitrate was depleted. Conversion of methanol into acetate was a function of
the hydraulic residence time. At hydraulic residence times above 8 h this conver-
sion was complete. Also in batch experiments it was observed that excess of
methanol was converted inte acetate. and that sulfate reduction started when
witrate was depleted. From all experiments it is clear that, provided that methanol
is added in good relation to the quantity of nitrate that has to be denitrified,
acetate will not be produced and sulfate reduction will not occur in the denitri-
fication reactor, even in the presence of very high sulfate concentrations.

INTRODUCTION

In the combined ion exchange/biolegical denitrification process for nitrate removal from
ground water nitrate is removed by ion exchange while regeneration of the resins is carried
out in a closed system by an upflow sludge blanket (USB) denitrification reactor (Van der
Hoek and Klapwijk 1987). This biological denitrification reactor eliminates nitrate from the
regenerant, so that it can be used again and has not to be disposed. Regeneration of the
ion exchange resins in a closed system results in a low regeneration salt requirement and
brine production.

The regenerant contains a high sodium chloride or sodium bicarbonate concentration, The
effects of these high concentrations on biological denitrification have been described pre-
viously (van der Hoek et al. 1987). Besides high sodium chloride or sodium bicarbonate
concentrations the regenerant also coatains a high sulfate concentration. In addition to
nitrate the ion exchange resins remove sulfate from the ground water too, and during
regeneration this is easily removed from the resin into the regenerant. As the regeneration
takes place in a closed system, sulfate accumulates.

In pilot plant experiments with the combined process sulfate accumulated up to 2 g
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8042'/1 (Van der Hoek and Klapwijk 1987) and under certain process conditions even up to
5 g 50427/1 (Van der Hoek et al. 1988).

Under anaerobic conditions that exist in a denitrification reactor, sulfate reduction might
occur, Sulfide, produced by the sulfate reducing bacteria, might be bound by the anion resin
in the regeneration ¢ircuit, and finally affect the water quality when this resin is used in
the service mode after regeneration,

Many authors reported that under anaerobic conditions, in the presence of both nitrate
and sulfate first nitrate is reduced, and afterwards sulfate when nitrate is totally metabo-
lized {Balderston and Sieburth 1976; Dugdale et al. 1977; Goering 1985; Jenneman et al. 1986;
McKinney and Conway 1957; Sarensen et al. 1979). Nitrate addition is a known method to
prevent sulfide production and to reduce odors in waste water lagoons (Poduska and Ander-
son 1981) and in trickling filters (Waller and Ingols 1960). Jenneman et al. (1986) found that
addition of high nitrate concentrations leads to a build up of N5O which raises the oxida-
tion reduction potential, resulting in inhibition of sulfide production. However, from data of
Maree and Strydom (1985, 1987) it can be seen that in a biological sulfate removal process
in an upflow packed bed reactor denitrification proceeded concurrently,

Sulfate reduction in a denitrifying system is related to several factors. In experiments to
study nitrate removal in a closed-system aquaculture (salinity 1.8 %) by columnar denitrifi-
cation Balderston and Sieburth (1976) found that sulfide production was influenced by resi-
dence time, doubling of the residence time almost doubled suifide production, and this effect
was rteversible, Another important factor is the oxidation reduction potential (ORP). In
marine sediments sulfate reduction was localized in the reduced sediment with negative ORP
(Sorensen et al. 1979). According to Postgate (1979) biological sulfide production does not
occur when the ORP is above -100 mV, and Poduska and Anderson (1981) mentioned that the
microbial reduction of sulfate is favored at an ORP of -200 to -300 mV. From experiments
of Jenneman et al, (1986) it can be concluded that the sulfate concentration plays an impor-
tant role. When nitrate was added in a concentration of 826 mg NO3™-N/I to diluted samples
of anaerobic sewage sludge or pond sediment that were amended with 1.9 g 8042'/l and 885
mg Ac™/1, no sulfide Eroduction was observed, but when the sulfate concentration was
increased to 15.0 g §0447/1 large amounts of sulfide were produced even in the presence of
826 mg NO3™-N/L

This study examined the relation between sulfate reduction, ORP and hydraulic residence
time (HRT) in an USB denitrification reactor. In batch experiments the effect of different
substrates {methanol and acetate) was studied.

MATERIALS AND METHODS
USB denitrification reactor experiments

The effect of HRT on sulfate reduction and the ORP in an USB denitrification reactor
(Klapwijk et al. 1979; Klapwijk et al. 1981) was studied in a reactor with a working volume
of 0.5 1 and an internal diameter of 4.4 cm . Denitrifying sludge adapted to methanol was
obtained from a 5 1 USB denitrification reactor, In the (0.5 | USB reactor the sludge was
present in pellets (2-3 mm) in a concentration of 33.9 g V55/1 (volatile suspended solids).
Influent concentrations, including nutrients, are summarized in Table 1. The influent pH
was 8.5. To simulate the conditions in the combined ion exchange/biological denitrification
process the influent contained 19.8 g NaHCO3/1 (comparable with regenerant concentration)
and 5.45 g §04-7/1 {comparable with sulfate accumulation in the closed regeneration system).
Methanol (925 mg/1) was used as carbon source as in the combined ion exchange/biological
denitrification process, To avoid substrate limitation methanol was dosed in excess. Methanol
consumption by denitrifying bacteria is 2.47 g CH30H/g NO3™-N according t¢ McCarty et al.
(1969). Using this figure, the excess of methanol was 686 mg/l as the nitrate concentration
was 96.8 mg NO3™-N/L. Infiuent solutions were made from tap water flushed with nitrogen
gas to remove oxygen. Influent and effluent were analyzed for nitrate, nitrite, methanol,
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acetate, sulfide, chemical oxygen demand (COD) and pH. The ORP was monitored in the
reactor continuously by a platinum electrode.

Table 1. Influent concentrations of the USB denitrification reactor and initial concen-
trations in batch experiments

influent of the USB initial concentrations in batch experiments

denitrification

reactor reactor 1 reactor 2
MOz -N (mg/l} 96.8 82.6 18.0
CHzOH (mg/L) 925 806 422
Ac” (mg/l) - - 596
50,27 (/L 5.45 5.46 5.46
HaHCOy (a/L> 19.8 17.5 17.5
NaHPO, (mg/L) B.1 an 8.1
KH,CL (mg/L) 19.12 19.12 19.12
MgCla.6Ha0 (ma/L) 1.46 1.46 1.46
FeCls.6H30 (ma/L) 2.43 2.43 2.43
MnCly.4HZ0 (mg/t} 3.88 3.88 3.88
CaCly.2Hp0 (mg/t) 0.130 0.130 0.130
CoCly (mg/L} 0.14%9 0.149 0.149
Cus0, (my/l) 0.178 0.178 0.178
ns0, (mg/l) 0.214 0.214 0.214

Batch experiments

To study the effect of methanol and acetate on sulfate reduction batch experiments were
performed with two stirred reactors. In batch reactor 1, with a volume of 1,5 |, methanol
was used as substrate. In batch reactor 2, with a volume of 0.5 1, methanol + acetate were
used as substrates in equal conceatrations expressed as COD.

Denitrifying sludge was abtained from the USB denitrification reactor described above. In
reactor 1 the sludge concentration was 9.0 g VSS5/1 and in reactor 2 8.5 g VSS/1. In both
reactors bicarbonate was present at a concentration of 17,5 g/l and sulfate at a concentra-
tion of 5.46 g/l to simulate the conditions in- the combined ion exchange/biological denitri-
fication process. Anaerobic conditions were maintained by using gas-tight reactors and by
replacing the air above the liquid surface with Oj-free nitrogen gas.

After addition of nitrate and methanol, or nitrate and methanol + acetate, the course of
nitrate, nitrite, methanol, acetate and sulfide concentrations were followed. Table 1 sum-
marizes the concentrations in both reactors at the start of the experiments.

Analyses

Acetate was analyzed by gas chromatography using a Packard Becker model 417 equipped
witha 2 m (2 mm x 2 mm)} glass column and a flame ionization detector. The glass column
was packed with 10% Fluoarad 431 on 100-200 mesh Supelco-port, The flow rate of the car-
rier gas, nitrogen saturated with formic acid, was 30 ml/min. The column temperature was
130 °C, the detector temperature 280 °C and the injection port temperature 190 °C. Sulfide
was measured colorimetrically by the method of Truper and Schlegel (1964). Chemical oxygen
demand (COD) was determined according to Standard Methods (American Public Health
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Association [980). The oxidation reduction potential (ORP) was measured using a platinum
redox electrode and a millivelt meter, connected with a recorder.

All other analyses were carried out as described previously (Van der Hoek and Klapwijk
1987; Van der Hoek et al. 1987).

Temperature

All experiments were performed at a temperature of 21-22 *C.

USB denitrification reactor experiments

Figure 1 shows the ORP and effluent nitrate, methanol, acetate and sulfide concentrations at
different HRT. Nitrite concentrations were always below (.11 mg NO3™-N/1. Effluent pH
ranged from 8.2 to 8.5 over the course of the experiment (average value 8.4). At a HRT of
0.69 h (flow rate 0.72 1/h) the nitrate removal was 64.6 mg NO3™-N/1. With a sludge volume
of 0.42 1 in the reactor the denitrification capacity is 111 mg NO3™-N/(I'h). This means that
nitrate will be depleted at a HRT of approximately 1 h. The methanol-COD removal rate by

RESULTS

denitrification is 352 mg COD/(I'h) at a HRT of 0.69 h.
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From Fig. 1 it is clear that sulfide production as a result of sulfate reduction starts at a
HRT of 5 h, when nitrate is not any more present in the effluent. At a HRT of 5 h the
nitrate loading rate is 23 mg NO3~-N/(I'h) and the methanol-COD loading rate is 330 mg
COD/(t-h). Thus, sulfide production started when the nitrate loading rate was approximately
20% of the denitrification reactor capacity.

Increasing the HRT above 1 h still resulted in a further decrease of methanol, although
nitrate was already completely converted into nitrogen gas, and an increase of acetate con-
centrations. The effect of the HRT on acetate concentrations turned out to be reversible:
both increasing and decreasing the HRT gave the same course of acetate concentrations as
shown in Fig. 1.

From a COD balance over the reactor, calculated from the influent methanol concentration
in Table 1 and the effluent methanol, acetate and sulfide concentrations in Fig. 1, and from
the fact that in the presence of high alkalinity the reduction of 1 mg NO4™-N requires 2,02
mg CH30H equal to 3.03 mg COD (Van der Hoek et al. 1987), it is clear that at all HRTs
the effluent contained only methanol and acetate as organic compounds and that no other
volatile fatty acids were present. The influent methanol concentration was 925 mg/1 equal to
1388 mg COD/1, while the sum of the effluent COD concentration and the methanol-COD
used for denitrification was 1378 mg COD/I, 1356 mg COD/1, 1271 mg COD/1, 1361 mg
CODy/1, 1421 mg COD/1 and 1419 mg COD/1 at HRT of 0.69 h, 2.36 h, 4.17 h, 6.94 h, 862 h
and 11.63 h respectively. This indicates that methanol was converted inte acetate without
other products.
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Batch experiments

Figure 2 shows the results of the experiments with batch reactor 1 in which only methanol
was used. As in the USB reactor experiments, methanol concentrations still decreased after
nitrate was depleted and acetate concentrations increased. Sulfide production started after
10 h. Sulfide concentrations did not exceed 3.63 mg Sz‘/l. Also in batch reactor 2, with
methanol and acetate as substrates, a decreasing methanol concentration was observed after
denitrification had stopped. At the same time acetate concentrations increased (Fig. 3).
Sulfide production started after 5 h and sulfide concentrations rase to 30.5 mg Sz'/l. Addi-
tion of nitrate after 23.5 h showed that the denitrification capacity was still present and
that this addition could suppress sulfate reduction, as can be seen from a decrease in sulfide
concentrations. Because methanal was not present at this time, denitrifyers must have used
acetate to reduce the added nitrate.

DISCUSSION

From both the USB reactor experiments and batch experiments it is clear that in anoxic
environments methanol is used only by denitrifying bacteria at low HRTs. Sulfate reduction
will start after nitrate has been converted and anaerobic conditions occur. As also shown by
Poduska and Anderson (1981) sulfate reduction could be suppressed by nitrate addition,



clearly visible in Fig. 3. Addition of a small amount of nitrate resuited in a decrease of
sulfide concentrations in the batch experiments. The ORP in our experiments at which
sulfate reduction started is low as compared with values given by Postgate (1979) and Po-
duska and Anderson (1981) (from -100 to -300 mV). In our experiments denitrification coin-
cided with an ORP of 0 to -350 mV. Then the ORP decreased to a value of -480 mV at
which sulfate reduction started (Fig. 1). In a nitrate-limited chemostat culture Claus and
Kutzner (1985) also found an ORP of -340 to -370 mV at which denitrification took place.

In all experiments the use of methanol continued even after nitrate was completely meta-
bolized. At the same time acetate concentrations increased. It is clear that methanol is can-
verted into acetate. From the results of the USB reactor experiments it can be concluded
that the conversion of methanol into acetate proceeds without production of other fatty
acids, because the effluent COD was determined by methanol and acetate concentrations in
the effluent only. Adamse and Velzeboer (1982) have isolated an acetic acid producing
Clostridium strain that converted methanol into acetate only when a suitable amount of
NaHCO3 was available. This conversion could be expressed by the equation

4CH30H + 2HCO3~ — 3CH3C00™ + H + 4H30 1]

In the USB reactor experiments NaHCQOj was present at a concentration of 19.8 g/l ta
simulate the conditions of the biological regeneration procedure of the resins. We strongly
have the opinion that the above described conversion took place in the USB reactor experi-
ments and batch experiments. For the USB reactor experiments this can be calculated as
follows:

The denitrifying bacteria use methanol in a ratio of 2.02 g CH30H/g NO4™-N in the
presence of high alkalinity (Van der Hoek et al. 1987). Thus, reduction of 96.8 mg NO3™-N/I
requires 195.5 mg CH30H/l. This means that after complete denitrification still 729.5 mg
CH30MH/1 is present because the influent contained 925 mg CH30H/1. According to reaction
[1] 1008.8 mg Ac™/l can be produced from 729.5 mg CH3OH/], and this is in very good
accordance with the observed acetate concentration at a HRT above 8 h, shown in Fig, 1,

In the anaerobic treatment of methanolic wastes it is known that methanol is partly
converted directly into methane and partly via the intermediate formation of volatile fatty
acids, mainly consisting of acetic acid and butyric acid (Lettinga et al, 1979; Lettinga et al.
1981). Especially the HCQ3~ concentration played an important role in the formation of
acetic acid from methanol.

When we used sucrose instead of methanol in the batch experiments denitrification still
took place, but the excess of sucrose did not decrease while no acetate was formed (data
not shown), This also supports the conclusion that in all other experiments indeed conver-
sion of methanaol into acetate took place.

From Fig. 1 it can be concluded that the HRT plays an impottant role in this conversion.
Only at a HRT above 8§ h complete conversion took place. It might be possible that the
bacteria responsible for the conversion are not capable to adhere to the pelletized denitrify-
ing sludge, and will be washed out of the reactor at a HRT below 8 h. Isa et al. (1986)
observed a same phenomenon for sulfate reducing bacteria in a high-rate anaerobic reactor
with reticulated polyurethane sponges as carrier material for the microorganisms.

In all experiments in which sulfate reduction took place both methanol and acetate were
present when sulfide production started. This means that one of these must have been used
as substrate by the sulfate reducing bacteria. Both sulfate reduction with acetate and metha-
nel have been reported in literature. King et al. (1983) described sulfate reduction in marine
sediments with both methanol and acetate. However, Qremland and Polcin (1982) and Orem-
land et al. (1982) found that in estuarine sediments sulfate reduction was stimulated by ace-
tate but not by methanol. In anaerobic marine sediments Serensen et al. (1981) found that
acetate is a major substrate for the sulfate reducing bacteria in the sediment and may
account for 50% of the electron donors for the process. Pfennig and Widdel (1981) isolated
sulfate reducing bacteria with acetate from anaerobic marine and brackish water. Also
Jenneman et al. (1986) reported sulfate reduction with acetate. In experiments of Balderston
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and Sieburth (1976) sulfate reduction occurred in a denitrification column for nitrate re-
moval in a closed-system aquaculture when methanol was used as exogenous carbon source,

In our experiments sulfate reduction with acetate has not been demonstrated conclusively.
However, acetate concentrations played an important role in all experiments. When methanol
was not present any more, sulfide production proceeded, suggesting that acetate was used by
sulfate reducing bacteria. Especially in Fig. 2 this is visible. Unfortunately, due to the low
sulfide production with concomitant low acetate oxidation, no significant change in acetate
concentrations could be measured in the 30-120 h range in Fig, 2. In a batch reactor fed
with excess sucrose accumulation of acetate did not occur and sulfate reduction was not
observed (data not shown).

Although sulfate reduction may have taken place with acetate it is not understood from
these experiments why it started only when acetate concentrations had reached a value of
at least 300-800 mg/1, especially when this value is compared with the half-saturation con-
stant K, for acetate uptake by sulfate reducing bacteria. Ingvorsen et al. (1984) measured a
Kmq value of 4.1 mg Ac™/l in chemostat cultures, and Schonheit et al. (1982) determined a
Km of 13.6 mg Ac™/l for batch grown cultures. Another unanswered question is the low
sulfide concentration that was observed, even after sulfate reduction had started. In the
USB reactor experiments it might be possible that wash-out of the sulfate reducing bacteria
from the reactor at the used HRT could be the basis of restricted sulfate reduction. This
was noticed by Isa et al. (1986), However, also in batch experimeats sulfide production
started only after nitrate was depleted for 5 h, and sulfide concentrations did not rise
above 30.5 mg $2-/1 (Fig. 3).

CONCLUSIONS

In an USB denitrification reactor fed with methanol as carbon and energy source, the
presence of high sulfate concentrations in the influent does not result in sulfide production
when methanol is added in good relation to the amount of nitrate that has to be denitrified.
Only excess of methanol can result in sulfate reduction when nitrate is completely deni-
trified and the excess of methanol has been converted into acetate.

Therefore, the combined ion exchange/biological denitrification process for nitrate removal
from ground water can be operated with very high sulfate concentrations in the closed
regeneration circuit, because under normal process conditions there is no risk of sulfide
production in the denitrification reactor with concomitant adsorption of sulfide by the ion
exchange resins during regeneration,
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CHAPTER 4

NITRATE REMOVAL FROM GROUND WATER - USE OF A NITRATE
SELECTIVE RESIN AND A LOW CONCENTRATED REGENERANT

J.P. van der Hoek, W.F. van der Hoek and A. Klapwijk

Accepted for publication in Water, Air, and Soil Pollution

ABSTRACT

A new, strong base, macro-porous anion exchange resin, Amberlite IRA 996,
appeared 1o be more nitrate selective than sulfate selective in treating high
nitrate concentrations (18 mg NO3 -N ! } in potable water. When regeneration is
carried ou! in a closed circuil in which a biological denitrification reactor is
incorporated {o remove nitrate from the regenerant, regeneration salt requirement
and brine production can be minimized, In this combination c}f ion exchange and
biological denitrification, regeneration with 30 g NaHCO3 L= is possible in 6 hr
at a flow rate of 11 BV hr™'. Accumulation of sulfate in the closed regeneration
circuit does not affect the nitrate capacity of the resin.

INTRODUCTION

Nitrate removal from ground water is necessary for several water supply companies in
Europe since the maximum admissible concentration of nitrate in drinking water has been
decreased from 22.6 to 11.3 mg NO3™-N L-1 according to the European Community Directive
{European Community, 1980), One of the possibilities to remove nitrate from ground water is
ion exchange. This process is characterized by two important problems: most resins are more
selective for sulfate than for nitrate, and regeneration of the resins requires much salt and
produces a voluminous brine.

The first problem concerns the selectivity of strong base anion exchange resins. The
generally accepted selectivity sequence is 804~ > NO3~ > CI™ > HCO3~ (Midkiff and Weber,
1970; Clifford, 1982). This means that the nitrate capacity is low when the sulfate concen-
tration in the ground water is high. However, recently some nitrate selective resins have
been developed and tested (Cox et al., 1981; Guter, 1984; Doré et al., 1985, Rohm and Haas,
1986).

The second problem, that costs of regenerant and brine disposal are the major items in
the total cost of ion exchange, has been mentioned by many authors over the last decade
(Buclow et al., 1975; Gauntlett, 1975; Clifford and Weber, 1978, Holl and Kiehling, 1981;
Guter, 1982). In Table I some figures are given of the regenerant waste water composition
and volume. To reduce regeneration salt requirement and brine disposal several regeneration
procedures have been developed in the past. Korngold (1973) concluded that sea water was
as effective as NaCl for regeneration, Gauntlett (1975) studied partial regeneration of resing
in a direction counter-current to that of the water passing through the resins in service.
Another possibility is the use of a two bed, strong acid-weak base, ion exchange nitrate
removal process which produces a spent ammonium nitrate regenerant amenable to disposal
as fertilizer (Clifford and Weber, 1978). Richard and Leprince (1982) reduced regenerant
requirements by recycling the last 40% of the regenerant eluate. In addition to the possibil-
ity of recycling portions of the regenerant, Guter (1982) also pointed out the combined use
of reverse osmosis and ion exchange, by using reverse osmosis brine as pretreatment for
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Table 1. Regenerant waste water composition and volume (percentage of treated water)

cl” NOg ™ -N 50,2 vol. process reference
wh L™ L h (%

27.50 0.64 7.87 0.78 single-bed a
18.10 0.29 3.54 1.713 two-bed a
D.80 0.09 8.20 2.40 single-bed b*
4,00 0.21 2.00 2.00 single-bed [
5.80 5.50 4.70 0.70 single-bed d

* based on spent regenerant and rinse water
references: a, Clifford and Weber, 1978; b, Guter, 1982; ¢, Andersen et al., 1985;
d, Philipot and de Larminat, 1988

regeneration of resins, The CARIX-process (Feuerstein et af., 1985) for simultaneous soft-
ening and removal of sulfate and nitrate works with a combination of a weak acid cation
exchanger and a strong base anion exchanger. Both resins can be regenerated simultaneously
with CQO7 in a non-polluting way.

Recently a nitrate removal process by ion exchange has been developed, which uses a new
regeneration scheme (Van der Hoek and Klapwijk, 1987). The most elementary form of this
process is shown in Figure 1, While one ion exchange column is in the service mode, the
other column is in the regeneration mode. Regeneration is carried out in a closed circuit
with the use of a biological denitrification reactor (Figure 2} which removes nitrate from
the regenerant by reduction of nitrate to nitrogen gas. The required organic carbon source
{methanol) is converted into carbon dioxide, carbonate and biomass. Because regeneration is
carried out in a closed system, salt requirement and brine production are minimized. How-
ever, it is advisable not to exceed salt concentrations of 30 g L-! in the regenerant to
avoid severe inhibition of the denitrification reactor (Van der Hoek et al., 1987).

low-nitrate groundwater low-nitrate groundwater

LEA

nitrote rich groungwoter nifrate rich groundwater
ion exchanger 1: nitrate removal ion exchanger1 : regenerafion
ion exchanger 2 . regeneration ion “exchanger : nitrate removal

Fig. 1. kemoval of nitrate from ground water by a combination of ion exchange and
biological denitrification. The solid cclumn is the denitrification reactor.
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We studied the selectivity for nitrate in the presence of sulfate of the strong base macro-
porous anion exchange resin Amberlite IRA 996 (Rohm and Haas, 1986) and compared the
results with normal sulfate selective resins (Duolite A 161 and A 165). The regeneration of
resins (Duolite A 161, Amberlite IRA 996) was studied with a low concentrated regenerant,
as is necessary in the combined process. Because sulfate will accumulate in the closed
regeneration circuit in this process, we also studied the effect of the presence of sulfate in
the regenerant on the nitrate capacity of a resin (Amberlite IRA 996) in the service mode.

MATERIALS AND METHODS

In the experiments three strong base macro-porous anion exchange resins were used: Duolite
A 161, Duolite A 165 and Amberlite IRA 996, Break-through experiments were conducted
down flow with resins in the bicarbonate form. The columns used had an internal diameter
of 1.9 or 3.2 cm and a height of 19 or 40 ¢cm. The flow rate was 35 BV hr! (BY = bed
volumes). Regeneration experiments were ¢onducted down flow in columns with an internal
diameter of 1.9 or 3.2 cm and a height of 14, 19 or 40 cm. In all regeneration experiments
30 g NaHCO3 L-1 was vsed as regenerant.

Selectivity coefficients and binary equilibrium isotherms were determined by a total anion
concentration in liquid phase of 0.012 eq L~1. Selectivity coefficients xc=°3 follow from the
chemical equilibrium

A 4 aNQO3~™ ————s A% 4 aNO3~ . 11
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and are defined as

[a%71. (N0, "1

@0 T =.a ,a- (2}

3 [Noy ). (A"

with [A%7], [NO37] = concentration of A%~ and NO3~ on the resin (eq L‘l)
[A3“], [NO3"] = concentration of A%~ and NO3" in solution (eq L1}

Nitrate analyses were made either following the salicylate method according to the Dutch
Normalized Standard Methods (NNI, 1981) or by liquid chromatography with a Chrompack
HPLC column, packing material Ionospher tmA (dimensions 250 mm x 4.6 mm) and UV detec-
tion at 205 am (Spectroflow 773 UV absorbance detector). Sulfate was analyzed by liquid
chromatography with the same column as above and a Knauer differential refractometer.
Chloride was analysed potentiometrically using a Mettler DL 40 RC memotitrator and a
Mettler DM 141 combined Ag electrode, or by liquid chromatography as in the sulffate ana-
Iysis. Bicarbonate was determined according to the Dutch Normalized Standard Methods (NNI,
1966). Total ion exchange capacity of the three resins was measured by potentiometric
titration of the resins in the chloride form with a AgNOj solution after addition of excess
KNOj to the water-resin mixture.

RESULTS

Selectivity and break-through curves

The selectivity coefficients Kngs , Kig, and KicO® are presented in Table II. An example
of binary equilibrium isotherms used to calculate the selectivity coefficients of Amberlite
IRA 996, Duolite A161 and Duolite A 65 for sulfate and nitrate is given in Figure 3. Selec-
tivity coefficients and binary equilibrium isotherms can be used to relate resin composition
to liquid composition. Figure 3 shows that only on Amberlite IRA 996 nitrate is preferen-
tially adsorbed, because with every equivalent fraction sulfate in liquid phase the equivalent
fraction sulfate on resin phase is lower.

In the ion exchange column experiments nitrate break-through started after 160 BV for
Duolite A 165 (Figure 4) after leaching raw water containing 18.2 mg NO3™-N L-! and 150
mg 8047 L°° at a flow rate of 35 BV hr=}, This meant a nitrate capacity for the resin of
0.21 eq L™1. For Amberlite IRA 996 nitrate break-through started after 350 BV (Figure 5) at
the same flow rate but with slightly fower influent concentrations. This meant a nitrate
capacity for the resin of 0.45 eq L. Figures 4 and 5 clearly demonstrate that nitrate is

Table I[. Copacity and selectivity coefficients of three strong base, macro-
porous anion exchange resins

resin capacity Kso‘ Kcl Knl::o_v,

(eq L) Oy 03 NO-
Duolite A 161 1.1 0.07 0.30 0.16
Duolite A 165 1.19 0.05 0,35 0.97
Amberlite [RA 996 1.1 0. 0005 0.1 0.04
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pacity (total anion concentration in liquid phase 0.012 eq L'1).

NO3-N (mg L")
35
AN
S0,z
ANy
nog-Ng v img L)
251 / 200
1
=)
154 7
/ 100
o]
[ ]
5 H so.” |
] /e
/
ot o v 0
0 100 200 300 400
bedvclumes

Fig. 4. Break-through profile for Duolite
A 165. Influent concentrations 18.2 mg
Nz T-K LY, 150.4 mg 50,27 L7T; flow rate
35 8v hrl.

35

. A S0 ImgL")
NO3-N{mgL") 250
30

e—0C-c,
/c/f \o\o

- o
20 / ~ 50

1 c/ o)

/
10+ / *
; /
307 NG-N /° 50
. / X 3 ./
<
4.—[.—.—0—.—.-"

bedvolumes

Fig. 5. Break-through prefile for Amber-
Lite IRA 996. Influent concentrations 18.1
mg Koz ™-W L, 139.4 mg 50,2 L flow
rate 35 BV hr 1.



toncentration (mg L'}
60

40+ o / \o\

. Na ~
501,2‘ \““-a...__
20 ! i
o"‘
/ 4 NO3-N_*~
1 / / e
/ Q ’./
v r ) ir. —U./ & —-.-./. T T |
0 200 400 600 800

bedvolumes

Fig &. Break-through profile for Amberlite [RA 996 using ground water as the
influent containing concentrations of 18.4 mg NOgz -N L'1, 28.1 mg 5042' l.'1, 23.7
mg Ct” L7, 62.8 mg HEog” L71; flow rate 35 BY hrot,

preferentially adsorbed by Amberlite IRA 996 as compared with Duolite A 165, Duolite A 165
shows a normal break-through profile: first nitrate breaks through and ultimately effluent
nitrate concentrations rise above the influent concentration because nitrate becomes dis-
placed from the resin by sulfate. For the nitrate selective resin Amberlite IRA 996 the
situation is opposite: first sulfate breaks through and effluent sulfate concentrations rise
above the influent concentration as sulfate becomes displaced from the resin by nitrate.
Figure 6 confirms the nitrate selectivity of Amberlite IRA 996. This figure shows a break-
through curve for Amberlite IRA 996 with a raw water composition which resembled the
ground water composition of one of the wells of the water supply company “QOostelijk Gel-
derland”. Nlitrale break-through started after 450 BV, which was equal to a nitrate capacity
0.59 eq L™,

Regeneration with a low concenirated regenerant

Regeneration rates were lower for Amberlite IRA 996 than for Duolite A 161 at comparable
flow rates using 30 g NaHCO3 L1 as the regenerant (Figures 7 and 8). This is due to the
greater binding capacity of Amberlite IRA 996 than Duolite A 161 for nitrate (Table II). At
the start of the regeneration both resins were completely in the nitrate form.

Figure 9 shows the sulfate, chloride and nitrate concentrations in the brine discharge
during regeneration of Amberlite IRA 996 with a flow rate of 10 BV hr-! and a regenerant
concentration of 30 g NaHCO3y L-1. The ion exchange column had been in the service mode
to treat a ground water which contained [8.4 mg NO3™-N L", 28.1 mg 5042‘ L1, 237 mg
¢I- L7 and 628 mg HCOj3~ L-L. It is clear that sulfate is very easily removed from the
resin during regeneration. In a closed regeneration system as described above this means
that sulfate will accumulate in the regeneration circuit. It might be possible that after sev-
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eral regenerations the resin will remain partly loaded with sulfate due to the high sulfate
concentration in the regenerant, thereby decreasing the nitrate capacity of the resin. To
examine this phenomenon an ion exchange column filled with resin Amberlite IRA 996 was
regenerated several times with a regenerant containing 30 g NaHCO3 L-! and sulfate varying
from no 8042' in the first regeneration up to 18.4 g SO4 L1 in the ninth regeneration
(Figure 10). After each regeneration at a flow rate of 10 BV hr™ ! and regeneration time of
3.5 hr the resin was put into the service mode for 17 hr to treat a ground water containing
18 mg NO3™-N L~!, 30 mg S042- L-1, 25 mg CI" L-! and 58 mg HCO3~ L~ (flow rate 35
BV hr‘l}. In each run the nitrate capacity in the service mode was found to be unaffected
by the amount of sulfate in the regenerant beforchand. This means that the ion exchange
process for nitrate removal from ground water with a closed regeneration system is also
suitable for water with high sulfate concentrations when the nitrate selective resin Amber-
lite IRA 996 is used.

nitrate capacity during S0 concentration
break through experiment in the regenerant
after regeneration (%) (gt
L] Q
100 |'20

p Q
8 /s
N d

601 .'-.‘-.._._...--..\. "

7 10

regeneration number

Fig. 10. Effect of sulfate in the regenerant on the nitrate capacity of Amberlite
[RA 996 in the service mode (nitrate capacity expressed ms percentage of total
ion exchange capacity).

DISCUSSION

From the binary equilibrium isotherms (Figure 3) it is clear that Amberlite IRA 996 is a
nitrate selective resin. With every equivalent fraction sulfate in liquid phase the equivalent
fraction sulfate on resin phase is lower. Compared with the nitrate selective resin developed
by Guter (1984), Amberlite IRA 996 has a higher total capacity, but the nitrate selectivity is
somewhat lower, The tributyl resin of Guter has a total capacity of 0.66 eq L-! and a
selectivity coefficient of 0.00009, whereas Amberlite IRA 996 has a total capacity of 1.01 eq
L7l and a K53} of 0.0005. Also from the break-through curves in Figures 5 and 6 5 the
nitrate selectivity of Amberlite IRA 996 is visible.

Gauntlett (1975), using the 50% break-through concentration (relative to the influent
concentration), measured a nitrate capacity of 0.46 eq L-! for total regeneration and (.33 eq
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L-! for partial regeneration on a water having a similar composition as shown in Figure 6.
In the case of Amberlite IRA 996 a nitrate capacity of 0.86 eq L-1 was calculated for the
50% break-through concentration {(Figure 6).

Regeneration of resins with 30 g NaHCO4 L~ 1 s ‘possible, but it takes a longer time and a
larger flow rate compared with conventional regeneration procedures, Conventional regen-
eration is carried out with 50-100 g NaCl L-! with a flow rate of 2-4 BV hr~! for a period
of 30-50 minutes (Gauntlett, 1975; Deguin et al., 1978; Deguin, 1982; Richard and Leprince,
1982; Lauch and Guter, 1986). Using 30 g NaHCO4 L} as the regenerant, complete regen-
eration of Duolite A 161 requires at least a flow rate of 10 BV hr! for 4 hr (Figure 7).
For the nitrate_selective resin Amberlite IRA 996 complete regeneration requires a flow rate
of 11 BV hrl for at least 6 hr (Figure 8). The increase in required flow rate and time
compared with conventional regeneration can be explained by the selectivity coefficients and
the regenerant concentration used. From Table 11 it is clear that the resins are more selec-
tive for chloride than for bicarbonate because Kig, is twice Xico® . This means that it is
more difficult to regenerate the resins to the bicarbonate form than to the chloride form.
The regenerant with 30 g NaHCO3 L~ (357 meq L‘l) can be changed into a regenerant
containing 10.4 g NaCl L~ 1 {178 meq L~ l) giving the same regeneration results since Kués
is twice Kyy- . Thus, instead of the usual regenerant concentration of 50-100 g NaCl L°1
in conventional ion exchange processes, we in fact only used 10.4 g NaCl L'l, equal to 30 g
NaHCO3 L1,

The difference in regeneration times between Duolite A 161 and Amberlite IRA 996 is
caused by the stronger nitrate selectivity of Amberlite IRA 996 compared with Duolite A
161. This can be seen from the selectivity coefficients gg’ in Table II. As a conse-
quence, Amberlite IRA 996 is much more difficult to regenerate than Duolite A 161,

Although regeneration of the resins with 30 g NaHCOy L-1 s possible, the regeneration
efficiency is very low. Regeneration efficiency is defined as the ratio of equivalents of
nitrate removed from the resin during regeneration to the equivalents of regenerant used.
Gauntlett (1975) measured with total regeneration (regenerant 100 g NaCl L™') an efficiency
of 0.090 eq NOj3~/eq CI- for a low sulfate water and 0.045 eq NO3 /eq CI™ for a high sul-
fate water. With partial regeneration these values were 0.240 eq NO3~/eq CI™ and 0.120 eq
NQ4~/eq CI" for the low and high sulfate waters, respectively. For a high sulfate water and
partial regeneration Lauch and Guter (1988) measured a regeneration efficiency of 0.180 eq
NO3~/eq CI™ (regenerant 60 g NaCl L']). To regenerate a resin used for nitrate removal
from water whichk contained only nitrate, Buelow et al. (1975) found a regeneration efficien-
cy of 0.256 eq NO3~/eq CI™ (regenerant 80 g NaCl L-D,

From Figures 7 and 8 the regeneration efficiency of Duolite A 161 and Amberlite IRA 996
can be calculated for 30 g NaHC03 L1 used as regenerant. To obtain 97% regeneration at
the highest flow rate (10.5 BY hr~ ) the regeneration efficiency of Duolite A 161 is 0.072 eq
NO3;~/eq HCO3™. To obtain 97% regeneration for Amberlite IRA 996 at a flow rate of 11.2
BV hr! the regeneration efficiency is 0.041 eq NO3~/eq HCQ3™. However, a low regenera-
tion efficiency is not a serious problem in a closed regeneration system, because the excess
of NaHCOj3 will stay in the systera and is not lost in the disposed brine. From experiments
with a lab-scale pilot plant of the combined process (Van der Hoek and Klapwijk, 1987) a
ratio of removed NO3~ from the ground water (with a raw water composition almost equal
to the influent concentrations in Figure 6) and HCO3™ dosage (necessary for brine renewal
every six days of operation and compensation of HCO3™ losses due to one lost bed volume
of regenerant every new regeneration) was 0.339 eq NO3~/eq HCO3". This ratio can be re-
garded as the "real regeneration efficiency” of the combined process. With a more sophisti-
cated plant control to avoid losses of HCO3™ due ta the lost bed volume of regenerant every
new regeneration, an even better "real regeneration efficiency” can be obtained.
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CONCLUSIONS

The nitrate concentration of Dutch ground water (18.4 mg NO3™-N L‘l), treated with the
nitrate selective resin Amberlite TRA 996 at a flow rate of 35 BV hr‘l, will reach the
European guide level of 5.6 mg NO3™-N L-1 after 600 BV {17 hr). Regeneration of Amberlite
IRA 996 with 30 g NaHCO; L-l i possible in approximately 6 hr at a flow rate of 11 BY
hr-l, This means that the ion exchange nitrate removal process with the closed regeneration
system can be designed with three ion exchange columns and one biological denitrification
reactor. Two ion exchange columns are in the service mode and have a run time of 14 hr
each. They work 7 hr out of phase. The third ion exchange column is in the regeneration
mode for 6 hr, after which I hr is left for rinsing and/or disinfection of this resin (Van der
Hoek and Klapwijk, 1987). Thus in every 7 hr a regenerated ion exchange column can be put
into the service mode. While the service mode takes 14 hr, there is a safety of 3 hr before
the effluent nitrate concentration of the columns will reach the European guide level. Accu-
mulation of sulfate in the closed regeneration circuit has no effect on the nitrate capacity
of Amberlite TRA 996.

Although the Dutch ground water has a low sulfate concentration (28.2 mg SO42' L'l)
Amberlite IRA 996 has the important advantage above Duolite A 161 or Duolite A 165 in
that sulfate is only removed partially from the ground water. This means that the treated
water will have a lower average chloride or bicarbonate concentration (dependent on a NaCl
regenerant or a NaHCOj regenerant) than water treated by a conventional resin.
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CHAPTER 5

Disinfection of Anion Exchange Resins in the Com-
bined lon Exchange/Biological Denitrification Process

Part I: Effect on Water Quality

By Jan Peter van der Hoek,
Jeroen Verheijen, Pim |. M. Vis and
Abraham Klapwijk*

Contamination of ground water with nitrate is an important
problem in several European countries. The combined ion
exchange/biological denitrification process is a technique for
nitrate remaval from ground water. In this process the resins
are regenerated with a biclogical denitrification reactor. How-
ever, this causes a bacterial contamination of the resins and the
colony counts in the treated water will be increased by the
resins. For that reason the resins have to be disinfected after
regeneration during the rinse phase, before they are used for
nitrate removal again. It was possible to reduce the colony
counts in the treated water betow 30/ml with the use of 0.075%
peracetic acid for 1S min or 0.20% hydrogen peroxide for 45
min during rinsing,.

Desinfektion von Anionen-Austauschern im kombinlerten
Verfahren lonenaustausch/biologische Denitrifikation.
Teil I: Auswirkung auf die Wasserqualitit, Grundwasserbe-
lastung mit Nitrat isi ein wichtiges Problem in mehreren
europaischen Lindern. Das kombinierte Verfahren Ionenaus-
tausch/biologische Drenitrifikation ist eine Moglichkeit zuy
Nitratentfernung aus GGrundwasser. In diesem Verfahren wird
das Austauscherharz mit Hilfe eines biologischen Denitrifika-
tionsreaktors regeneriert. Jedoch wird das Harz dadurch bakte-
riologisch kontaminiert und das verkeimte Austauscherharz
erhéht die Koloniezahl im Trinkwasser, Darum soll das Harz
nach der Regeneration, wihrend des Spiilprozesses, desinfi-
ziert werden, bevor es wieder zur Nitratentfernung benutzt
wird. Die Koloniezahl des behandelten Grundwassers konnte
bis unter 30/ml reduziert werden durch Spiilen entweder mit
0,075%iger Peressigsiure (Dauer 15 Min.) oder mit
0,20%igem Wasserstoffperoxid (Dauer 45 Min.).

1 Intreduction

As a result of fertilization in agriculture nitrate concentrations
in ground water are increasing in many European countries.
Both artificial fertilizer and animal manure cause nitrate prob-

* Dipi.-Ing. J. P. van der Hoek, J. Verheijenr, P. . M. Vis and Dr. A.
Klapwijk, Wageningen Agricultural University, Department of
Water Pollution Control, De Dreyen 12, 6703 BC Wageningen, The
Netherlands

lems |1 —7]. In the new EC directive relating to the quality of
water intended for human consumption the maximum admiss-
ible concentration of nitrate in drinking water is decreased from
22.6 mg NO;~ —N/l to 11.3 mg NO;~ — N/ [8].

To supply water with an acceptable nitrate concentration
nitrate removal processes will be necessary at several ground
water stations. One of the techniques is the combined icn
exchange/biological denitrification process [9, 10]. In this pro-
cess nitrate is removed from the ground water by ion exchange,
and the resins are regenerated in a closed system with a
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biological denitrification reactor. The regeneration procedure
is schematically shown in Figure 1. The regenerant passes over
the nitrate loaded ion exchange resin to exchange nifrate ions
for bicarbonate ions or chloride ions. After passage the nitrate
rich regenerant is led through an upflow sludge blanket deni-
trification reactor where denitrifying bacteria convert nitrate to
nitrogen gas. Methanol is used as energy and carbon source.
Because nitrate is removed from the regenerant it can be used
again. In this way regeneration salt requirement and brine
disposal are minimized.

denitrification | sund fitter
reactor
NO;—N, resin in regeneration
L0 +NO;—= I « NOj
CHyOH
HCO3
denitritication sand filker
reactor
NO;—N, resin in regeneration
HCO, +ND, —=HI0, + NG
CHy0H HCOy + KDy

Fig. 1. Regeneration of a nitrate-loaded resin into the chloride form
{above) or bicarbanate form (below) in a closed circuit with a denitrifi-
cation reacter

In the regeneration circuit a sand filter is used between the
denitrification reactor and the ion exchange column to remove
suspended solids, washed out of the denitrification reactor, to
prevent fouling of the resin. However, a bactenological con-
tamination of the resin cannoi be avoided. Effluents of deni-

trification reactors contain many bacteria. Frank and Do [11]
measured 10*—10° cells/ml in denitrified effluent. In effluents of
municipal sewage treatment plants the total count varied
between 10°—6 - 10° colonies/m] according to Poffé et al, [12].
After regeneration the resin is used in the service mode for
nitrate removal from ground water, and the treated ground
water will become contaminated. According to the EC directive
[8] the maximum acceptable colony count in drinking water is
100/mi (at 22°C).

Tasafeguard the bacteriological water quality measures have 10
be taken. In general two methods are described in literature to
prevent microbial growth in ion exchange columns, resulting in
contamination of the treated water. The first method is the
regeneration procedure itself. Hecker [13] mentioned regular
regeneration of anion exchange resins with a very concentrated
brine (10% NaCl) or with sodium hydroxice to prevent bacte-
rial growth in the resin bed. However, according to Flemiming
[14] and Schubert and Fsanu [15] the regeneration procedure
indeed reduces the colony number in the effluent of ion
exchange columns during the service mode, but this effect is the
result of the flushing and backflushing process that occurs
during the regeneration procedure and after growth will stiil be
possible. For the prevention of microbial growth the regenera-
tion procedure is definitely not sufficient [16].

In the combined ion exchange/biological denitrification process
extremely bacteriological contamination of the resins occurs
during the regeneration procedure itself, so the other option
has to be used. This is disinfection of the resin with chemicals.
In Table 1a survey is given of some disinfectants, used in ion
exchange. From this table it is clear that especially peracetic
acid is very attractive for disinfection of ion exchange resins, It
needs a very short contact time and more over, it is easily
washed out of the resin bed after disinfection [24].

In the combined ion exchange/biological denitrification process
it seems very good possible to use a disinfectant. In practice the
pracess is run with three ion exchange celumns and one
denitrification reacior [9], Two jon exchange columns are used
for nitrate removal from ground water and have a run time of 9

Table 1. Disinfection of ion exchange resins
disinfectant conc. contact time wash-out time  col. count col. count runtime between ref.
reduction in effluent disinfections
(%) (h) (h) (%} (nr/ml) (h}
peracetic acid 0.02 1 - - < 10 144 [17
0.2 0.5 - - <100 120 N7
0.2 1 - 100 <3 - [18.19]
0.2 1 - 99— 100 - 04 [20]
0.2 1 0.75 100 - - [13]
0.2 - - - - - [21]
peracetic acid 0.02 1 - - =< [0 336 [17)
+ silver®
formaldehyde 0.25-1 3 0.5-2 100 - - [22]
- 24 8 - - - {18, 18]
018 - - - - - 113]
chloramin T 0.1 - - - - - 113]
- 24 8 - - 118, 15]
4 0.5 - - <189 - 23]
sodium 0.014-0.007" - - - - {13
hypochioride - 24 8 - - - 18]

a. 3% silver containing resin added to jon exchange column
b. calculated
c. 1% in NaCl regenerant

44
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h each, but a phase shift of 4.5 h. The third column is connected
with the denitrification reactor and is regenerated for 3.5 h,
followed by one hour rinsing. Especially in this rinse phase after
regencration a disinfectant can be used the first minutes of
rinsing.

In our experiments we examined to what extend the treated
ground water becomes polluted when no disinfectant is used,
and we studied the use of two disinfectants in the process.
peracetic acid and hydrogen peroxide. Both concentration and
contact time were optimized.

2 Materials & Methods

2.1 Disinfectants

Two disinfectants were used in the experiments: peracetic acid
and hydrogen peroxide. Peracetic acid was obtzined from
Degussa in a concentration of 30% (“Peressigsdure TA 30% ™).
As hydrogen peroxide we used the product DEWA T 1-50.
This product contains 47% Hy0O, (wiv). 846 mg Ag*/l and
0.012% PO, (wiv}.

2.2 Anion exchange resins

All experiments were carried out in columns with an internal
diameter of 1.9 cm and a height of 40 cm. We used the strong
base macre poreus anion exchange resins Duolite A 165 and
Amberlite IRA 996 (now called IMAC HP 555).

2.3 Experiments without the use of a disinfectant

Experiments without the use of a disinfectant were performed
to determine the degree of bacteriological contamination that
will occur in the combined ion exchange/biological denitrifica-
tion process. For this reason effluent of an upflow sludge
blanket denitrification reactor was collected and led through a
filter paper (Schieicher & Schiill) to remove suspended solids.
With this effluent an ion exchange column was run for 3.5 h with
a flow rate of 10 BV/h (BV = bed volumes} (downflow) to
simulate the regeneration procedure. Then the column was
rinsed with tap water for 1 h (1¢ BV/h, upflow), and finally the
column was run with tap water for 19.5 h (30 B¥/h. downflow)
to simulate the service mode, Colony counts were measured in
the regenerant and in the effluent of the ion exchange column
during rinsing and in the service mode at several mements, This
procedure was repeated 12 times.

In order tc determine whether there is a strong adherence
mechanism for the bacteria on the ion exchange resin, samples
of the resin were crushed. and in the obtained water/resin
mixture colony counts were measured. The results were com-
pared with the colony counts in the effluent of the ion exchange
colummn, just before the resin samples were 1aken.

2.4 Experiments with the use of a disinfectant

To study the effect of disinfection on the bactericlogical quality
of the treated ground water. the regeneration, rinsing and
running of an jon exchange column was carried out with exactly
the same flow rates and periods as in the combined ion
exchange/biological denitrification process. tun with resin
Duolite A 165. Effluent from an upflow sludge blanket deni-
trification reactor was collected and led through a filter paper
(Schleicher & Schill) to remove suspended solids. With this
ceffluent an ion exchange column was run for 3.5 h (10 Bv/h,
downflow) to simulate regeneration. Then the column was
rinsed for | h (10 BV/h, upflow) with stezilized water {sterilized
at 121°C for 25 min) that contained a disinfectant the first
peried of rinsing. Finally the ien exchange column was run for

Y h (30 BV/h, downflow) with stenlized water to simulate the
service mode. In the regenerant and in the effluent of the ion
exchange column during the service mode colony counts were
measured at several moments. All experiments were carried
out in triplicate.

2.5 Analyses

Colony counts (number/ml) were performed at 22°C on glucose
yeast extract. The plates were incubated for 72 h according o
the Dutch Normalised Standard Methods [25]. Colony counts
between 0 and 30 are mentioned as << 30" only when all values
of the triplicate experiments showed counts below 30.
Peracetic acid was determined in two steps. First HyO, was
determined and neutralised as described below, and then
peracetic acid was analyzed iodometrically according.to Miicke
and Sprdssig [26].

Hydrogen peroxide was analyzed by titration with 0.1 N
KMnO, after addition of 10 mi 4 N H,50, and MnSO, as
catalyst, until the sample remained red.

3 Results and Discussion

3.1 Experiments without disinfection

In Table 2 the results are summarized of 12 successive process-
cycles in which an ion exchange column was regenerated for
3.5h with effluent of an upflow sludge blanket denitrification
reactor, then rinsed for | h with tap water without the use of a
disinfectant and finally run for 19.5 h with tap water. It is clear
that already after the first cycle the treated water cannot meet
the demands of a colony count less than 100/ml. During rinsing

Table 2. Colony counts (number per ml x 10~} in regenerant, and in
ion exchange column effluent during rinsing and service (nd = not
determined. sd = standard deviation)

cyele in during during service
regenerant rinsing t=0h t=15ht=20h
1 27 35 16 15 nd
2 nd 187 2 25 nd
3 nd 400 220 30 nd
4 40 430 50 13 16
5 nd 300 44 20 30
& 60 120 &0 6 nd
7 63 500 98 70 50
- 30 25 4 7 8
9 60 75 39 35 44
10 150 190 135 120 75
1t 70 100 48 30 nd
12 185 600 600 140 133
average 70 249 "7 43 5l
+5d 35 193 164 45 43

colony counts are higher than coleny counts in the regenerant.
This indicates that during the regeneration of 3.5 h bacteria
might accumulate in the ion exchange column, but that they are
easily washed out during rinsing. Flemmiing [16] also found that
bacteria are relatively easily rinsed from the resin surface.
Dhring the first hour in the service mode this wash out is still
visible, but the next [9 h the colony count in the treated water is
quite stable. Flemming [14] examined the effect of backflushing
and found that during backflushing the colony counts in the
water were two to ten times higher than in the water treated
after backflushing. Same results can be seen from Table 2.

Table 3 supports the conclusion that there is no special adher-
ence mechanism for bacteria on ion exchange tesins. The

Z. Wasser- Abwasser-Forsch. 26, 155— 160 (1987)
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Table 3. Colony counts in treated water compared with colony counts
in resin bed

resin in resin bed in treated water
Amberlite [IRA 596 2800 2500

Duolite A 165 5000 6500

colony counts in the resin bed are the same as the colony counts
in the water, treated with the resin.

From these experiments it is obvious that rinsing and backflush-
ing is not sufficient to produce water with a colony count that
can meet the EC standard [8]. This means that the use of a
disinfectant is necessary after each regenerarion. When the
average celony count in the water during service in Table 2 is
compared with the required colony count of less than 100/ml,
the reduction must be at least 99.9%.

3.2 Disinfection with peracetic acid

In the first experiments peracetic acid was used for 30 min in the
rinse phase after regeneration. As the total rinse phase is 1 h,
still 30 min are left to wash out the disinfectant from the ion
exchange column before it is put imo the service mode.
According to Wagner and Flemiming [24] this should be suffi-
cient. After the rinse phase the icn exchange columns were run
with sterilized water for 9 h. The colony counts in the effluent
are shown in Table 4, together with the colony count in the
regenerant itself. The results show that with a relatively high

Table 4.  Effect of disinfection with peracetic acid for 30 min during
rinsing

peracetic colony counts

acid conc. in regenerant during service

(%) t=0h t=2h t=4h t=8h
0.015 110000 <30 60 =300 -
0.15 125000 < 30 <30 < 30 30

peracetic acid concentration it is possible to produce water with
an acceptabie colony count. In order to reduce the use of
peracetic acid it was examined if the same results could be
obtained when peracetic acid was only applied for 15 min during
the rinse phase of 1 h. The results are presented in Table 5.
From this Table it is clear that with (1.15% peracetic acid and a
contact time of 15 min a satisfactory disinfection can be

Table 5. Effect of disinfection with peracetic acid for 15 min during
rinsing
peracetic colony counts

acid cone. in regenerant during service

{%) t=0h t=2h t=4h t=8h
0.075 1000000 <30 <30 30 50
0.15 <30 <30 <30 st

225000

reached. Also the use of 0.075% peracetic acid with a contact
time of 15 min shows a good disinfection.

When the peracetic acid concentration in the effiuent was
measured during disinfection it appeared that the concentration
had hardly decreased. For this reason two other experiments
were performed. In the first experiment {Table 6) the disinfec-
tant was added for 7 min, after which the pump was stopped for
8 min. In 7 min approximately one bed volume is pumped into

Table 6. Effect of disinfection with peracetic acid for 15 min during
rinsing with 7 min continuous and 8 rmin batch-wise operation

peracetic colony counts

acid conc. in regenerant during service

(%) t=0h t=2h t=4h t=8h
0.075 1000000 >300 =300 - -
0.15 250000 <3 < 30 <30 30

the ion exchange column. Se, also in this experiment a total
contact time of 15 min was obtained, but the second half was
batch-wise. In the second experiment (Table 7) the effluent of
the ion exchange celumn during disinfection was recirculated
after 8 min far 7 min, also resulting in a total contact time of 15

Table 7. Effect of disinfection with peracetic acid for 15 min during
rinsing, with recirculation the last 7 min

peracetic colony counts

acid conc. in regenerant during service

(%) t=0h t=2h t=4h t=8h
0.075 2000000 <30 <30 <30 30
0.15 1500000 <30 <30 <30 <30

min, but in contrast to the first experiment in a continuous
manner. From Table 6 it is clear that only with (.15% peracetic
acid the colony count remains below 100/ml. Compared with
the results in Table 5 (0.075% peracetic acid for 15 min) no
restrictions in the vse of peracetic acid can be obtained.
However, when 0.075% peracetic acid is used 8 min and
recirculated for 7 min, still the colony count remains below 100/
ml. This means that a reduction of 50% in the use of peracetic
acid can be obtained as compared with the results in Table 5.
‘When our results are compared with others we need a relatively
high concentration for disinfection, Flemmning [17] found that
0.02% peracetic acid is suitable for satisfactory disinfection of a
strang cation exchanger. The colony count remained below 100/
m! for six days after 60 min disinfection. However, it is
important to realize that in our experiments we have to deal
with an extremely bacteriological contamination during regen-
eration, as the regenerant contained up 1o 2 - 10° cells/ml. In
experiments to disinfect effluenis from municipal sewage treat-
ment plants (coleny counts 107—6 - (0%/ml) Poff¢ et al. [12]
used 0.2% peracetic acid for | min and 0.04% peracetic acid for
10 min to reach 99.9% disinfection. It is more realistic to
compare our results with these figures, and then it can be
concluded that they are in agreement.

3.3 Disinfection with silver containing hydrogen
peroxide

Disinfection with hydrogen peroxide was carried out with a
contact time of 30 min or 45 min during the tinse phase of { h,
after regeneration for 3.5 h. Then the ion exchange columns
were run for ¢ h with sterilized water. In the effluent as well as in
the regenerant, colony counts were determined. The results are
presented in Table 8 and Table 9. Because silver might have
affected the results, the silver concentrations during disinfec-
tion, calculated from the concentrated H,O, solution, are also
shown in Table 8 and Table 9. Disinfection is possible with
0.5% H>0; and 30 min contact time. or with 0.2% H>0- and 45
min contact time. The latter possibility has the advantage that
less disinfectant has to be used.
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Table 8. Effect of disinfection with H»O» for 3} min during rinsing

H,0, Ag” colony codnts
(%) (mg/l) in regenerant during service

t=0h t1=2h t=4h t=7h
0.2 0.34 150000 =300 =300 - -
0.2 3.38 2000000 200 220 =300 >300
0.5 8.48 2000000 < 3 <30 <30 <3

Table 9. Effect of disinfection with H,O; for 45 min during rinsing

H;0, Agt colony counts
(%) (mgl) in regenerant during service

t=0h t=2h t=4h t=7h
0.) 1.69 3000000 > 300 150 50 =300
0.2 1.38 3000000 < 30 <30 < 30 < 30

When these values are compared with results of Poffé et al, [27]
who used H.O, {without silver addition) 1o disinfect effluents
from municipal sewage treatment plants, it is clear that low
concentrations and a relatively short contact time were suffi-
cient in our experiments. Poffe et al. used 0.55% H;0; with a
contact time of 2 h 10 obtain a cotony reduction of 99%. With a
contact time of 3¢ min and a concentration of 0.15% —0.25% or
0.35%—0.55%, they reached a reduction of oniy 70% , respec-
tively 9% . These concentrations and contact time are compar-
able with ours, but we reached a reduction of mere than 99.9% .
One of the possibilities that can account for this difference
might be the presence of silver in the H>(: solntion we used, as
silver also acts as a disinfectant. For example, tap water could
be conserved for one day with 20 ug Ag*/l and for seven days
with 50 ug Ag*/1[28). According to Pimpel and Schinner [29] as
little as 1 mg Ag*/l influenced bacterial growth, and with every
increase in silver concentration to the power of 10 the bactenial
count decreased by a factor of 60, Above 1 g Ag*/l no growth
occurred. In our experiments sufficient disinfection was
obtained with 0.2% H>0, and 0.5% H;O,, resulting in a silver
concentration of 3.38 mg Ag*/l and 8.48 mg Ag™ /i respectively.
However, the effect of silver on bacterial growth can diminish
as a result of an increase in tolerance of the bacterial flora
towards silver ions. Especially in ion exchange beds this
phenomenon has been observed. Silver can be very effective
against bacterial growth during offperiods of operation of ion
exchange plants, but after several wecks bacteria were able to
tolerate silver concentrations up to 10 mg Ag*/l [30]. On the
other hand, the combined use of peracetic acid and silver
resulted in a decrease of the silver concentration that could be
tolerated by the bacteria from .25 mg Ag™/1 to 0.03 mg Ag™/
[17].

It can be concluded that although disinfection is possible with
the product DEWA T {50, it is not clear whether the same
disinfection can be obtained when hydrogen peroxide is used
without silver addition.

4 Conclusions

In the combined ion exchange/biological denitrification process
for nitrate removal from ground water, in which the anion
exchange resins are regenerated in a closed circuit with a
biotogical denitrification reactor, disinfection of the resins is
necessary to produce a bacteriologically reliable water. This can
be accomplished by the use of a disinfectant during the rinse
phase of 1 h after regeneration. Two disinfectants can be used.

Peracetic acid is suitable in a concentration of (0.075% and
needs a contact time of 15 min. In the combined ion exchange/
biological denitrification process this results in a peracetic acid
use of 1.875 g/l resin each regeneration, or 1.0 g/l resin when the
disinfectant is recirculated the last 7 minutes. Hydrogen perox-
ide is suitable in a concentration of 0.20% with a contact time of
45 min, resulting in a hydrogen peroxide use of 15.0 g/ resin
each regeneration. The latter is probably influenced by the
presence of silver in the concentrated hydrogen peroxide
solution. With the use of these disinfectants the treated ground
water contains less than 30 cells/ml, and fulfils the EC standard
of a maximum acceptable colony count of 100/ml.
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CHAPTER 6

Disinfection of Anion Exchange Resins in the
Combined lon Exchange/Biological Denitrification

Process

Part Il: Effect on Resin Capacity’

By Jan Peter van der Hoek,
Paul J. M. van der Ven and
Abraham Klapwijk**

In the combined ion exchange/biological denitrification pro-
cess for nitrate removal from ground water, the resins are
regenerated in a closed system with a biological denitrifica-
tion reactor. During regeneration the resins become bac-
teriologically polluted. To safeguard the drinking water gunal-
ity the resins have to be disinfected with 0.075% peracetic
acid or 0.20% hydrogen peroxide, once every process cycle of
service and regeneration. With 0.075% peracetic acid, all
three examined resins {Duolite A 165, Amberiite IRA 996,
Purolite A 52() showed important ioss of capacity on the long
term. It appeared that with 0.20% hydrogen peroxide this
could be avoided, Although the capacities of Amberlite IRA
996 and Purolite A 520, both nitrate selective resing, were
severely reduced, the nitrate selectivity was not changed by
0.075% peracetic acid.

Desinfoktion von Anionenaustauschern im kombinierten
Verfahren Ilonenaustausch/biologische Denitrifikation.
Teil Il Auswirkung auf die Harz-Kapazitit. Im kombinier-
ten Verfahren lonenaustausch/biologische Denitrifikation zur
Nitratentfernung aus Grundwasser werden die Ionenaustau-
scher in einem geschlossenen System mit Hilfe eines biologi-
schen Denitrifikationsreaktors regeneriert und dabei bakte-
riologisch kontaminiert. Deshalb ist es notwendig, dal Harz
nach jeder Regeneration mit 0,075%iger Peressigsdure oder
mit ,20%iger Wasserstoffperoxidlosung zu desinfizieren.
Alle drei untersuchten Harze {Duolite A 165, Ambertite IRA
996 und Purolite A 520) zeigien einen betrichilichen Verlust
an Austauscherkapazitit bei der Behandlung mit Peressig-
saure, mit Wasserstoffperoxid konnte dies vermieden werden.
Obwohl die Kapazitat von Amberlite [RA 996 und Purolite
A 520 - beide nitrat-selective Harze — bei der Verwendung
von Peressigsdure sich erheblich verminderte, blieb die
Nitratselektivitit durch die Peressigsfiure unverindert.

1 Introduction

The combined ion exchange/biological denitrification process is
a technique for nitrate removal from ground water. In this
process nitrate is removed by anion exchange resins while
regeneration of the resins is carried out in a closed system with a
biological denitrification reactor [1, 2]. As the ion exchange
celumns become polluted during this regeneration precedure, a
disinfectant has to be used to prevent bacteriological contami-
nation of the treated ground water. Especially disinfection of
the resins appeared to be an attractive method to safeguard the
drinking water quality [3-6].

In the combined ion exchange/biological denitrification process
disinfection of the resins is possible after regeneration during
the rinse phase, before the resins are used for nitrate removal
again. For this purpose it is advisable to use 0.075% peracetic
acid for 15 minutes or 0.20% hydrogen peroxide for 45 minutes
during the rinse phase of 1 h, both with a flow rate of 10 BV/h
{BV = bed volumes) [7].

An important aspect of the use of disinfectants in ion exchange
systems is the effect on resin capacity. With respect to the use of
peracetic acid Schwab and Soldavini [8] reported that with 1%
peracetic acid the capacity of anion and cation exchange resins
did not change and only a slight decrease was cbserved with 5%
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peracetic acid. The contact time was 1h. According to Zange
and Bauer [9] disinfection for 20 min with 0.2% peracetic acid
did not affect the capacity of anion exchange resins, but the
capacity of a cation exchange resin decreased with 2%.
However, in practice cumulative contact times are much longer
during successive disinfections. Therefore Falk et al. [10]
examined the effect of 0.2% peracetic acid on resin capacity
during a period of 25 weeks. They found that the capacity of
anion exchange resins only slightly decreased in this period
(2.3-7.1%), but the capacity of cation exchange resins showed
a reduction of 8.3—33.7%.

All experiments described above deal with a batch-wise contact
between resin and disinfectant. In practice disinfection is
carried out by pumping the disinfectant continuously through
the ion exchange column to ensure a constant concentration the
whole disinfection period. Flemming [5] examined the effect of
peracetic acid on a cation exchange resin in a continuous
experiment by pumping a peracetic acid solution 24 h through
the column. It was found that up to a concentration of 1%
peracetic acid no loss of resin capacity appeared. With 5%
peracetic acid a decrease of 14% was measured.

With respect to the use of hydrogen peroxide as disinfectant of
anion exchange resins and effect on resin capacity no informa-
tion was found in literature, because this is not often used in ion
exchange systems.

Iim our experiments we examired the effect of peracetic acid and
hydrogen peroxide on the total ion exchange capacity of three
strong base amion resins. We used a sulfate selective resin
(Duolite A 165) and two nitrate selective resins (Amberlite
1RA 996 and Purolite A 520}. Column experiments as well as
batch-wise experiments were performed. For the nitrate selec-
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tive resins we also studied the effect of peracetic acid on nitrate-
sulfate selectivity. Both binary equilibrium isotherms and
break-through curves before and after peracetic acid treatment
were compared.

2 Materials and Methods

2.1 lon exchange resins and disinfectants

Experiments were conducted with three strong base macro
perous anion exchange resins: Duolite A 165, Amberlite TRA
996, and Purolite A 520. The total exchange capacities of these
resins are 1.19, 1.01, and 0.94 equiv/l respectively. The latter
two resins are nitrate selective.

Pefacetic acid and silver containing hydrogen peroxide, as
described in {7], were used as disinfectants.

2.2 Column experiments with disinfectants

Column experiments to study the effect of disinfection on resin
capacity were carried out in ion exchange celumns with an
internal diameter of 3.2cm and a height of 40em. We used
0.075% peracetic acid and 0.20% hydrogen peroxide. The
disinfectant was pumped upflow through the columns with a
flow rate of 10 BV/h, These are the process conditions of the
combined ion exchange/biological denitrification process [7].
After contact with the disinfectant for 24h, 48h, 72h, or 168 h
the resins were turned to the bicarbonate form to measure the
total exchange capacity.

2.3 Batch experiments with disinfectants

The effect of a 0.15% peracetic acid solution and a 0.20%
hydrogen peroxide solution on the capacity of Duolite A 165
was studied in a batch experiment by adding resin samples of
50 ml to the solution and storing this at 4 °C to maintain the
peracetic acid concentration close to the desired value. Every
week this concentration was checked and the solution was
renewed whenever necessary. After 4, 10, and 15 weeks the
capacity of the resin was measured.

2.4 Equilibrium isotherms of nitrate and sulfate
and selectivity coefficients -

Binary equilibrium isotherms were determined at a total anion
concentration in liquid phase of 0.012 equiv/l. From the iso-
therms the selectivity coefficient Ki% was calculated. The
selectivity coefficient K¥3, follows from the chemical equilib-
rium

SOF™ +2NO5 = SOf™ +2NO5

and is defined as

K = [8057] - [E]z
*[80iT) - [NOST
with [SO3~], [NO3] = concentrations of SO~ and NO;3 on the
resin (equivil)
[SO37), [NO5 ] = concentrations of SO}~ and NOj in
solution {equiv/l)

2.5 Break-through experiments

Break-through experiments were conducted with Amberlite
IRA 996 with resin, not contacted with peracetic acid and with
resin, contacted with peracetic acid (72h, 10 BV/h, 0.075%
peracetic acid), Before the break-through experiments were
started the resins were turned to the bicarbonate form with a

solution containing 50 g NaHCO4/1, with a flow rate of 10 BV/h
for Sh. The break-through experiments were run with a flow
rate of 35 BV/h in cotumns with an internal diameter of 3.2cm
and a height of 40 cm. The influent consisted of deionized water
enriched with nitrate and sulfate (not disinfected column:
18.1mg NO7-Nf and 139.4mg SO3Z~A disinfected column
17.4mg NO;-NA and 133.7mg S03~/).

2.6 Determination of total ion exchange capacity

The total anicn exchange capacity of the resins was determined
by pH titration of resins in the bicarbonate form in water with a
0.1 N HCl solution after addition of excess NaCl to the water-
resin mixture.

3 Resuits

3.1 Effect of disinfection on resin capacity

In Figures 1 and 2 the effect of peracetic acid and hydrogen
peroxide on resin capacity is shown, as measured in the
experiments in which the disinfectant was pumped continuousty
through the ion exchange columns. Especially the nitrate
selective resins Amberlite IRA 996 and Purolite A 520 appea-
red to be very sensitive to peracetic acid. During the first 24h
peracetic acid only had little effect on the capacity of Duolite A
165, but the next two days clearly a loss of exchange capacity
was visible.
The effect of hydrogen peroxide on resin capacity was quite
different from the effect of peracetic acid. Hydrogen peroxide
had no influence on Purolite A 520, and with respect to
« Ambertite [RA 9% - 0075 %
o Amberlite |IRA 996 - 0.20 %

& Pyrotite A 520 - 0075 %
2 Purslite A 570 -0 %
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Fig. 1. Loss of resin capacity of Amberlite IRA 996 and Purclite A 520
by disinfection with 0.073% peracetic acid and 0.20% hydrogen
peroxide {disinfection in columns, flow rate 10 BV/h)
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Fig. 2. Loss of resin capacity of Duolite A 163 by disinfection with

0.075% peracetic acid and 0.20% hydrogen peroxide {(disinfection in
columns, flow rate 10 BV/)
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Amberlite IRA 996 it stabilized after 2 days, resuiting in a loss
of 8% . Also the effect on Dualite A 165 was negligible.
From Figures 1 and 2 it looks as if the effect of peracetic acid on
Amberlite IRA 996 and Purolite A 520 stabilizes, while this is
not the case with Duolite A 165. Therefore it was examined how
resin capacities of Amberlite IRA 996 and Duolite A 165 were
changed during seven days of centinuous contact with peracetic
acid, For Amberlite TRA 996 this resulted in a loss of capacity of
52% and for Duolite A 165 i 44%.

Table 1 summarizes the results of the experiments in which the
effect of peracetic acid (0.15%) and hydrogen peroxide (0.20%}
on the capacity of Duolite A 165 was studied batch-wise.

Table 1. Effect of peracetic acid (0.15%) and hydrogen peroxide
(0.20%) on resin capacity of Dualite A 185, determined in batch-
experiments

contact time loss of resin capacity (%)

(weeks) peracetic acid hydrogen peroxide
4 4 0

16 8 o

15 15 2

3.2 Effect of disinfection on resin selectivity

As can be seen from Figure 1, peracetic acid especially reduces
the capacity of the nitrate selective resins Amberlite [RA 996
and Purolite A 520. To examine whether peracetic acid also
affected the seleciivity, the binary equilibrium isotherms of
sulfate and nitrate were measured with resin, not disinfected
and with resin, disinfected with 0.075% peracetic acid for 24 h
{in columns, flow rate 10 BV/h}.

From the equilibrium isotherms in Figure 3 it is clear that the
selectivity of these resins is not changed by peracetic acid. In
accordance with these results the selectivity coefficient KR,
wilich can be calculated from the equilibrium isotherms didnt
change significantly, For Purolite A 520 the K§2! value was
7.3 - 10~* before and 7.5 - 10™* after peracetic acid treatment.
For Amberlite TRA 996 these values were respectively
52-107% and 8.5 - 1074

With Amberlite [RA 996 the effect of peracetic acid on resin
selectivity was also studied in a break-through experiment.
Figure 4 shows the break-through curve of Amberlite IRA 996,
not treated with a disinfectant, and Figure 5 shows the break-
through curve of Amberlite IRA 996, after it has been treated
for 72h with 0.075% peracetic acid (in a column, flow rate
T0BV/h).

4 Discussion

From the column experiments it is clear that especially perace-
tic acid reduces the capacity of all three ion exchange resins. For
the sulfate selective resin Duolite A 165 the results are in close
agreement with the results of Flemming [5]. During 24h of
contact Flemming measured no loss of capacity while we
measured only a loss of 1.5% . However, when this experiment
was extended, also Duolite A 165 showed an important reduc-
tion of exchange capacity, resulting in a loss of 44% after seven
days of contact.

For the nitrate selective resins Amberlite IRA 996 and Purolite
A 520-peracetic acid immediately reduces the exchange capa-
city, and from the effect of peracetic acid on Amberlite IRA 996
during 7 days it is apparent that this effect doesn't stabilize.
Hydrogen peroxide is less aggressive to ion exchange resins. Only
Amberlite IRA 996 showed a loss of capacity, but this was no
more than 8% and stabilized after 48 h of continuously contact.
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Fig. 3. Binary equilibrium isotherms of nitrate and sulfate.

Xso2- = eguivalent fraction sulfate in liquid phase = sulfale concentra-

tion in liquid/total anion concentration in liquid;

Xso,- = equivalent fraction sulfate on resin phase = sulfate on resin/

total ion exchange capacity;

Ia Amberlite IRA 996, not disinfected

Ib Amberlite IRA 996, disinfected with 0.075% peracetic acid {24h,
10 BVth)

IIa Purolite A 520, not disinfected

11k Purolite A 520, disinfected with §.075% peracetic acid (24h,
10 BV/h)
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Fig. 4. Break-through curve of Amberlite IRA 996, not disinfected.
Influent concentrations 18.1mg NO3-N/A and 139.4 mg SO3°/1; flow
rate 35 BV/h; resin in bicarbonate form

NO3-N (mg /1) S0F(mg/L}
25 o r200
[
20 N
I D‘o,_ 150
58820300z
151 o
so b /{0' [ e
10- " o
G » 150
= /
=0 ot
0 200 400 600

bed volumes

Fig.'5. Break-through curve of Amberlite IRA 996, disinfected with
0.075% peracetic acid (72 h, 10 BV/h}, Influent concentrations 17.4 mg
NO3 -NA and 133.7mg $O5~1; flow rate 35 BV/h; resin in bicarbonate
form
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Although the capacity of the nitrate selective resins is severely
reduced by peracetic acid, they still remain nitrate seiective, as
can be seen from the binary equilibrium isotherms (Figure 3).
The break-through curves of Amberlite [RA 996 show same
results (Figures 4 and 5). With a not disinfected resin, as well as
with a disinfected resin (72 h, 0.075% peracetic acid, 10 BV/h),
sulfate will break-through first and effluent sulfate concentra-
tions rise above the influent concentration because sulfate beco-
mes displaced from the resin by nitrate. The number of bed vo-
fumes that could be treated with both ion exchange columns be-
fore nitrate and sulfate break-through started, is summarized in
Table 2. The reduction is 43% . This is in good accordance with the
loss of capacity of Amberlite IRA 996 during 3 days of con-
tinuously contact with 0.075% peracetic acid (39%, Figure 1).

Table 2.  Start of nitrate and sulfate break-through of Amberlite [RA
996, not disinfected, and disinfected with 0.075% peracetic acid (72h,
10 BV/h). Flow rates and influent concentrations as in Figures 4 and 5

Amberlite IRA 996 number of bed volumes treated
before break-through started
$07 NOj

not disinfected 140 350

disinfected 80 200

The difference in response to peracetic acid treatment between
nitrate selective resins (fast response} and sulfate selective
resins {slow response) probably is a result of a difference in
functional groups of these resins. Nitrate selectivity is changed
by the molecular structure of the alkyl substituents on the
quarternary amine ion exchange resins. Sulfate selective strong
base anion resins are trimethyl amine resins (type I) or dimethyl
ethanol amine resins (type II) {11], while in nitrate selective
resins the functional groups contain more C-atoms. Guter [12]
developed a tributyl amine resin and Doré et al. [13] used a
triethyl resin. Unfortunately no information was obtained from
the manufacturers of Amberlite IRA 996 and Purolite A 520
about the exact composition of the functional groups of these
nitrate selective resins.

By increasing the length of the functional groups it might be
possible that they are more easily oxidized by peracetic acid,
resulting in a direct loss of resin capacity. Because the nitrate-
sulfate selectivity is unchanged, it can be concluded that the
functional groups are totally oxidized, without destruction of
the long alkyl groups into methyl groups. In that case the
selectivity would have changed in the directien of sulfate.
Another possibility is that the total resin, including the matrix,
is destroyed by peracetic acid. From our experimental results it
can not be concluded whether the functional groups or the
wholz resin is oxidized by peracetic acid.

The differences in results with column experiments and batch-
wise experiments show that batch-wise experiments are rather
unreliable to estimate the effect of disinfectants on resin
capacity. This might explain the relatively low effect of disinfec-
tants on resin capacity reported in literature [8—10], compared
with our results.

5 Conclusions

The results have important consequences on the combined ion
exchange/biological denitrification process for nitrate removal
from ground water. When the process is run with a sulfate
selective resin like Duolite A 165, disinfection of the resins with
peracetic acid takes place 15min every 13.5h (once every
process cycle of service and regeneration). When the process is
run with a nitrate selective resin like Amberlite IRA 996

disinfection with peracetic acid takes place 15 min every 21 h.
This means that with Duolite A 165 a contact time of 7 days
implies a total process period of 378 days, in which the capacity
decreases with 44% . With Amberlite IRA 996 a contact time of
7 days implies a total process period of 588 days, in which the
capacity decreases with 52%.

It can be concluded that the process can only be operated with
hydrogen peroxide as disinfectant to avoid reduction of ion
exchange capacity of the resins. When a nitrate selective resin
has to be used, the application of Purolite A 520 or Amberlite
IRA 996 makes no difference, because with a loss of 8% the
latter will have the same total ion exchange capacity as Purolite
A 520, which shows no reduction of capacity.
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CHAPTER 7

NITRATE REMOVAL FROM GROUND WATER
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Abstract—A new technique is described for nitrate

removal from ground water. This technique is a

combination of ion exchange and biological denitrification. Nittate is temoved by ion exchange.
Regeneration of the resin in a closed circuit is achieved with a denitrification reactor. In contrast with
traditional denitrification procedures there is no direct contact between ground water and denitrifying
bacteria. Also brine production and regeneration salt requitements are munimal as compared with

conventional regenetation of ion exchange resins. The

basic design criteria and the first pilot plant results

are presented. The pilat plant results show that the process is very attractive when compared with ion
exchange and biological denitrification as separate techniques. Ground water with a relatively high sulfate

coucentratior can be treated when a nitrate selective

resin is used.

Key words-—nitrate removal, drinking water, ground water, denitrification, ion exchange, biological

regeneration, nitrale selective resin

INTRODUCTION

Increased nitrate concentrations in public water sup-
plies is becoming an important problem in several
countries, especially as the maximum admissible
concentration of nitrate in drinking water is de-
creased from 22.6 to 11.3 mg NO;-N1~! according
o the E.C.-Council Directive (E.C. 1980). In The
Netherlands it is estimated that about 25% of the
ground water wellfields exploited by the waterworks
may experience problems, either with nitrate itself or
with the reaction products of nitrate reduction (Van
Beek, 1985). As about two-thirds of the drinking
water in The Netherlands originates from ground
water it is obvious that many problems are expected
in the coming years (Scheltinga, 1985).

Several techniques are available for the removal of
nitrate from ground water. Some of these techniques
are summarized in Table | (Sorg, 1979; Sontheimer
and Rohmann, 1984). Only ion exchange and biolog-
ical denitrification are considered feasible and prac-
tical for full-scale treatment of drinking water. How-
ever, both processes have serious disadvantages.

Biological denitrification is a process by which
nitrate is converted to nitrogen gas by denitrifying
bacteria. A direct contact is created between ground
water, which is generally free of microorganisms, and
bacteria. In the case of heterotrophic denitrification

Table 1. Nitrate removal techniques

lon exchange

Biological denitrification
Chemical reduction
Reverse osmosis
Elecirodialysis

WA 28—
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also a carbon-source has to be added to the ground
water. Both cause a serious risk of a bactericlogical
contamination of the ground water, and extensive
post-treatment i necessary to safeguard the drinking
water quality (Sorg, 1979; Barlog, 1980; Leprince and
Richard, 1982; Sontheimer er af., 1982; Haberer,
1984). Also the production of nitrite, an intermediate
product of denitrification, is & serious risk. Further,
at the normal ground water temperature of
+10-12°C the activity of denitrifying bacteria is
rather low, which means that relatively large reactors
are needed.

lIon exchange is a physicalchemical process. By
means of an anion exchange resin nitrate is ex-
changed for chloride or bicarbonate. A problem is the
regencration of the resin. It is customary to use a
highly coneentrated NaCl solution {50-100g1-") ata
flowrate of 2-4 BY h™' (BV = bed volumes) for a
period of 30-45 min (Gauntlett, 1975; Deguin, 1982;
Guter, 1982; Richard and Leprince, 1982; Partos and
Richard, 1985). Hence, a large excess of salt is
needed, producing a voluminous brine with high
nitrate, sulfate and chloride concentrations. Brine
disposal can be very difficult. Both aspects cause
financial and environmental problems.

A NEW PROCESS: BIOLOGICAL/PHYSICAL
CHEMICAL NITRATE REMOVAL FROM
GROUND WATER

By combining ion exchange and biological denitri-
fication into one process (van der Hoek, 1985; van
der Hoek and Klapwijk, 1985, 1986) most problems
connected with the separate techniques can be
avoided. This new process is shown schematicaily in
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nifrate low groundwater

nitrote rich groundwater

ion exchanger 1: nitrote removal
ion exchanger 2 : regeneration

nitrate low groundwater

nitrate rich groundwater

ion exchanger1: regeneration
ion exchanger? : nitrate removal

Fig. 1. Combination of ion exchange and biological denitrification: biological/physical chemical nitrate
removal from ground water.

Fig. 1. Nitrate i3 removed from the ground water by
ion exchange and for the regeneration of a nitrate
Joaded resin a demitrification reactor is used.

In the simplest form one ion exchange column
(column 1} is used for production of potable water
while another jon exchange column (column 2) is
regencrated. When ion exchange column 1 is exhauns-
ted and ion exchange column 2 is regenerated the
denitrification reactor is connected with the exhaus-

denitrification
reactor

NOj —= N,

organic
C-source

NOy -+ O

ted ion exchange column 1 and the regenerated resin
(column 2) is used for potable water production.
Depending on the ratio of run time and regeneration
time more jion exchange columns can be used in this
pracess.

The regeneration process itself is schematically
shown in Figs 2 and 3. It can be carried out with a
NaCl solution (Fig. 2) or a NaHCO, solution as
regenerant (Fig. 3). The regenerant, for example a

NeCl

1
'
'

W

resin which hos to
be regenerated

Qs NO§—=TT» NOg

Fig. 2. Regeneration of a nitrate-loaded resin into the chloride form with a denitrification reactor.

HCOg
denitrification resin which has to
reactar be regenerated
NO3 —=Nj ] HCO3 » NO3 —=HC03 +NO3
CH30H —=-(03/HC D3 e
HCD3 +NO3
organic
C-source

Fig. 3. Regeneration of a nitrate-loaded resin inte the bicarbonate form with a denitrification reactor.
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NaHCQ, solution, passes over the jon exchange
column to exchange nitrate ions for bicarbenate ions.
After passage the nitrate rich regenerant is led
through a denitrification reactor where denitrifying
bacteria convert nitrate to nitrogen gas. The organic
C-source {methanol) which has tc be added is con-
verted into bicarbonate, carbonate and water. The
regenerant is recirculated through the ion exchange
column and the denitrification reactor, until the ion
exchanger has reached a sufficient bicarbonate load-
ing. The regeneration thus takes place in a closed
system.

Compared with separate ion exchange or biological
denitrification the most important advantages of this
new process are:

{1) The regeneration is carried out in a closed
system in which the production of a voluminous brine
can be avoided and the salt requirements are mini-
mized. The use of NaHCO, as regenerant has the
advantage that the system itself produces the salt
necessary for regeneration because bicarboanate is an
endproduct of biological denitrification. When NaCl
is used as regencrant only the stoichiometric required
amount has lo be dosed.

(2) As the biological process does not take place in
direct contact with the ground water there is no risk
that nitrite production will affect the water quality.

(3} There is no direct contact of bacteria and the
C-source with the ground water and concomitant
contamination. Still pollution of the resin by carry-
over of suspended material from the denitrification
reactor to the ion exchange column is possible.
However, measures againsi this can be taken in the
regeneration circuit itself, so there is no need for an
extensive post-treatment.

MATERIALS AND METHODS

fon exchange experimentis

Breakthrough and regeneration experiments were con-
ducted in columns with i.d.s of 1.9 ar 3.2cm and a height
af 14, 19 or 40 cm.

The tota! anion exchange capacity of resins was measured
by potentiometric titration of resins in the chloride form in
water with a AgNO, solution after addition of excess KNQ,
to the water—resin mixture, or by pH titration of resins in
the bicarbonate form in water with a HCI solution after
addition of excesss NaCl to the water—resin mixture.

Selectivity coefficients and binary equilibrium isotherms
were determined at a total anion concentration of 0.012
equiv 17! in liguid phase.

Resin disinfection experiments were performed with ion
exchange columns (resin Duolite A 165) with an id. of
1.9cm and a height of 4tcm.

Denirrification experiments

The effect of high sodium bicarbonate concentrations on
denitrifying sludge was studied in 51. baich reactors. To
avoid accumulation of bicarbonate, one of the end products
of denitrification with methanol, the effect of high sodium
chloride concentrations on denitrifying sludge was studied
in an upflow sludge blanket denitrification reactor with a
working volume of 2.51.
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Pilot plans experiments
Design and dimensions of the pilot plant are described in

"“Results and Discussion™.

Anglyses

WNitrate was analyzed either through the salicylate method
according to the Durch Normalized Stondard Methods
(NNI 1981) or by liquid chromatography with a Chrompack
HPLC column, packing material Tonospher tmA (dimn:
250 x 4.6) and w.v. detection at 205 nm (Spectroflow 773
w.v. adsorbance detector). Alkalinity was determined ac-
cording to the Dutch Normalized Standard Methods (NNI,
[966). Sulfate was analyzed by liquid chromatography with
the same column as used for nitrate and a Knauer
differential refractometer. Chloride was analyzed poten-
tiometrically using a Mettler DL 40 RC memotitrator and
a Mettler DM 141 combined Ag electrode, or by liquid
chromatography along with sulfate.

Standard plate counts were performed at 22°C on glucose
yeast extract according to the Dutch Normalized Standard
Methods (NNI, 1982).

The accumulation of organics fouling the ion exchange
resins was measured by extracting samples of resin with a
solution containing 2% NaOH and 10% NaCl. The optical
density of the extract at 435 nm was reiated to the optical
density of a standard humic substance. For this purpose 2
solution of commercially available humic acids was used,
which was prepared by adding Na2OH to a 0.25% solution
of sodium humate {Fluka) in deionized water until pH 11
was reached. After stirring for 24 h the suspension was
neutralized with HC] to pH 5.5 which resulted in partial
precipitation of the humic compounds. This sclution was
filtered over a (.45 ym membrane filter and used as standard
humic substance solution.

RESULTS AND DISCUSSION

Basic design criteria

Salt concentration of the regenerant. The optimal
salt concentration of the regenerant is controlled by
two factors. Very high salt concentrations can have
an inhibiting effect on the biological denitrification,
but the salt concentration must be high encugh to
produce sufficient regeneration of the resin within a
reasonable time.

Claus and Kutzner (1985) demonstrated that
20 g NaCl1~* has no effect on autotrophic denitrifi-
cation. Denitrification has also been observed in
marine sediments (Serensen, 1978, 1979). Qur experi-
ments on the effect of NaCl and NaHCQ; on the
capacity of denitrifying sludge with methanol as
C-source are summarized in Fig. 4. It is clear that
with NaHCO, concentrations of 25-30gl~' and
NaCl concentrations of 10-15 g1~ the dentrification
capacity is still present for about 80%.

Figure 5 shows that regeneration of a nitrate
loaded resin is possible with a solution containing
30 g NaHCOQ, 17" (357 m-equivl™"). Compared with
the wsual regeneration procedure with 50-100g
NaCll~!, a flowrate of 24 BVh~' and a period of
approx. 30-45min (Gauntlett, 1975; Deguin, 1982;
Guter, 1982; Richard and Leprince, 1982; Partos and
Richard, 1985) more time and a higher flowrate are
needed. However, with 30 g NaHCO, 1-! and a flow-
rate of 10BVh~! almost complete regeneration is
possible in 3.5h.
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Fig. 4. Effect of high NaCl and NaHCO, concentrations on denitrification.

In Table 2 the selectivity coefficients XSy, and
KHE> of some strong base anion exchange resins are
shown. The coefficients are defined as

Ko = [A°}NO;]
T ONGTTA]
with
[A7), [NO5] = concentration of A~ and NOj on
the resin (equiv 1)
[A~], [NO;] = concentration of A~ and NOy in
solution {equiv 17").

Because K, is about twice KHE™ it is possible 1o use
a NaCl solution as regenerant with a concentration
which is only half of the NaHCO, concentration. So,
regeneration can also be carried out in 3.5h with
10.4 g NaCl1-' (178 m-equiv1~") and a flowrate of
10BVh-L.

Selection of denitrification reactor type. The denitri-
fication reactor in this process must fulfill 2 number
of conditions:

(1) Hydraulically it should fit in the process: this
means that the flowrate through the denitrification
reactor must equal the regeneration flowrate through

% regeneration

1067
90 -
80
%
6‘0 B
7 regenerction flowrate
401 a 05 BY/K
36 b 56 BV/h
¢ 27 BV/h
20 1
10 -
r T T T T d
°0 200 300 00 500 600
time (min)

Fig. 5. Regeneration of a nitrate-loaded resin (Duolite A

161) with a solution containing 30 g NaHCO,; 1" (regen-

eration percentage = regeneration as percentage of total jon
exchange capacity).

the ion exchange column, otherwise 2 bypass would
be necessary.

(2) The reactor must be capable to treat solutions
with very high nitrate concentrations without re-

Table 2. Capacity and selectivity coefficients KT, and K}6o? of strong base
anion exchange resins

Capacity
Ahion exchange resin (equivl") Ko, Ko
Macroporous resins
Dualite A 161 Rl 0.30 0.16
Duolite A 162 1.18 024 0.12
Duolite A 165 1.1% 0.35 0.17
Bayer Lewatit MP 500 108 0.36 0.18
Bayer Lewatit MP 660 114 0.30 0.15
Amberlite [RA 996 101 0.1 0.04
Gel resiny
Bayer Lewstit M 500 .36 033 0.i8
Bayer Lewatit M 600 1.29 0.35 0.18
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circulation, because nitrate concentrations up to
700 mg NO; —N 1! can be expected in the regenerant
(van der Hoek, 1985).

(3) Tt should be possible to develop and maintain
a high sludge concentration in the reactor. By this a
constant high volumetric capacity can be obtained
and the reactor dimensions can be small.

(4) Sludge washout must be minimal to prevent
organic fouling of the jon exchange resin.

(5) Maintenance and process control must be
minimal.

In most experiments on denitrification of potable
water fluidized bed reactors (Richard er al., 1980;
Hall er al., 1985) or fixed bed reactors (Frick and
Richard, 1985; Philipot ez al., 1985) have been used.
The five conditions mentioned are not met completely
with these reactors. The flowrate through a fluidized
bed reactor is much higher than the flowrate through
the ion exchange column, and this type of reactor
cannot treat high nitrate-concentration water with-
out recirculation, Alse it needs a good control and
balancing of the flowrate to avoid washout of
sludge/sand particles. The disadvantages of fixed bed
reaciors are that backwashing is necessary to avoid
clogging (Frick and Richard, 1985; Philipot er af,
1985; Roennefahrt, 198%) and that the volumetric
capacity is low compared with fluidized bed reactors
(Roennefahrt, 1985).

The best suited denitrification reactor in this pro-
cess is the Upflow Sludge Blanket (USB} reactor.
Much experience has been obtained in recent years
with such reactors in the field of denitrification
(Klapwijk er al., 197%; Klapwijk et al., 1981) and in
anaerobic treatment of waste water (Lettinga ef al.,
1983). In this type of reactor the hiomass is not
present on a carrier material as in the fluidized bed
reactor and fixed bed reactor, but the biomass grows
in pellets or grains with favorable settling character-
istics depending on the chemical, physical and biolog-
ical conditions. In the case of denitrification pellet
formation (2-3 mm) is promoted by precipitation of
CaCO, as is a result of the rise in pH due to biologicat
denitrification. So a sludge concentration up to
3040 g V881~ can be maintained (van der Hoek,
1985) with superior settling characteristics, and
superficial velocities as high as 2-4 m h~' are possible
(Lettinga e al., 1980; Klapwijk er al., 1981).

With the USB denitrification reactor the above
mentioned conditions can be fulfilled. Hydraulically
it is possible to use the same flowrate through the
USB reactor as in the ion exchange column. A USB
denitrification reactor is able to treat water with very
high nitrate concentrations without recirculation,
and a volumetric denitrification capacity of 400500 g
Nm~*h-' can be attained (Klapwijk et al., 1981; van
der Hoek, 1985). Sludge washout is very low due to
good settling characteristics and can be minimized
when the reactor is equipped in the upper part with
a gas-solids separator as shown in Fig. 4. Operation
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gas
effluent
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gas/hquid/
solids = water seal
-
separator
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influent

Fig. . Schematic diagram of a USB denitrification reactor.

of this reactor is very simple and backwashing is not
necessary.

Influence of sulfate and selection of resin type. Most
strong base anion exchange resins are more selective
for sulfate than for nitrate (Clifford and Weber,
1978; Clifford, 1982; Guter, 1982). Most ground
waters contain both sulfate and nitrate. Sulfate in the
ground water influences the process in two ways:

-—the effective nitrate capacity of the resin de-
creases with increasing sulfate concentration of the
ground water (Deguin, 1985).

—sulfate is readily removed from the resin during
regeneration into the regeneration circuit (van der
Hoek, 1985). The sulfate will accumulate in the
regeneration circuit, and it may be possible that after
several regenerations the resin will remain partly
loaded with sulfate due to the high sulfate concen-
tration in the regenerant. This further decreases the
effective nitrate capacity of the resin.

When treating a Dutch ground water with 19.2mg
NOy-N 1! and 29.5mg SO}~ 17! no problems were
encouniered with a normal resin, Duolite A 165 (see
resuits of pilot plant). However, sulfate concen-
trations can be much higher in ground water. In such
¢ases other resins should be used with a higher nitrate
selectivity.

Recently some nitrate selective resins have been
developed (Guter, 1982), including the resin Amber-
lite TRA 996 of Rohm and Haas. This is evident from
the binary equilibrium isotherm in Fig. 7 for the
equilibrium between nitrate and sulfate. At all equiv-
alent fractions of sulfate in the liquid phase
(XS0~ = sulfate concentration in liquid/total anion
concentration in liquid) the concomitant equivalent
fraction of sulfate on the resin (¥ SO~ = sulfate on
resin/total ion exchange capacity) is lower. The
breakthrough curve in Fig. 8 shows that even at a
very high sulfate concentration in the ground water
(139.4 mg SOZ~ 1Y) nitrate will break through after
sulfate.

After nine repeated regenerations with a solution
containing 30g NaHCO;1~' and sulfate concen-
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Fig. 7. Binary equilibrium isotherm of nitrate and sulfate for

a sulfate selective resin (Duolite A 165) and a nitrate

selective resin (Amberlite IRA 996) (total anion concen-
tration in liquid phase 0.012 equiv1~').

trations varying from 0gS0O;~ 17" in the first up 10
18.4g SO~ 17" in the ninth regeneration the nitrate
capacity of this resin in the service mode after each
regeneration turned out to be almost independent of
the sulfate concentration in the regenerant (Fig. 9).

This means that the proposed process is also
suitable for ground water with high sulfate concen-
teations when nitrate selective resins, such as Amber-
lite TRA 996, are used.

Use of a sandfilier and a disinfectant in the process.
Although sludge washout can be minimized with a
USB degitrification reactor, the resin can still become
polluted by carry-over of suspended solids from the
denitrification reactor to the ion exchange column.
Also humic and fulvie acids, which can accumulate in
a closed regeneration circuit with a biological pro-
cess, can cause organic fouling of the resin (Wilson,
1959; Frisch and Kunin, [960; Ungar, 1962; Abrams,
1982, Pelosi and McCarthy, 1982). This pollution of
the resin can affect the bacteriological quality of the
treated water because after regeneration the resin is
in contact with drinking water.

SO° concentration

mitrate copacity during
in"the regenerant

break-threugh experiment

after regeneration [%4%) {g/1}
100 0
8] 15
50+
q 10
[
201 :

012 3456787%
regenerntion number
Fig. 9. Effect of sulfate in the regenerant on nitrate capacity
of the nitrate selective resin Ambetlite IRA 996 (nitrate
capacity expressed as percentage of total jon exchange
capacity}. Ground water composition during breakthrough
experiments  |3mgNO;-NI1-', 30mgSOi-1-', 25mg
Cl- 1" and 58 mg HCO; 1-'; flowrate 35 BY h-"; runtime
17h. Regeneration flowrate 10 BV h™'; regeneration time
3.5h. O, 302" concentration (g17'); @, nitrate capacity
o

(%).

To overcome these problems a sandfilter can be
placed in the regeneration circuit between the USB
denitrification reactor and the ion exchange column
to remove suspended solids from the regenerant
before they reach the resin. Secondly, the ion ex-
changer can be disinfected in the process. After
regeneration the ion exchange column is rinsed with
water. It is advisable to use a disinfectant during the
first minutes of this rinsing. Especially peracetic acid
is often used for disinfection of ion exchange resins
(Ballmoos and Soldavini, 1979; Flemming, 1984).

In a pilot plant for nitrate removal from ground
water the jon exchange columns are used for 9 h for

.
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30, 250
254 e 200
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-] "
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Fig. 8. Breakthrough profile of ion exchange resin Amberlite IRA 996. Influemt concentrations
18.1 mg NO; -N1-' and 1394 mg SO{~ 1-', flowrate 35 BV h~', resin in HCOy form.

58



Nitrate removai from ground water

Table ). Standard plate counts in biclogical regenerant, in water
treated with a non disinfected resin and in waler treated with a
disinfected resin (resin disinfected with peracetic acid)
Standard plate counts
{No. of bacteria ml~")

Regenerant (efuent from USB 100,000-1,060,000
denitrification reactor) :

Water treated with a non disinfected resin 50,000~ 100,000

‘Water treated with a disinfected resin 0-30

potable water production after which they are regen-
crated for 3.5 h and rinsed for 1 b (see “Design of the
pilot plant™). To study the effect of the use of a
disinfectant during cinsing on the bacteriological
water quality this sequence was simulated in a labo-
ratory experiment with two jon exchange columns.
After regeneration with a bacteriologically con-
taminated regenerant (see Table 1) one column was
rinsed with water, containing 0.15% peracetic acid
during the first 15min, and the other column was
rinsed without peracetic acid. For the next 9 h both
columns were run with sterilized water. In the water,
leaving the ion exchange columns, the number of
bacteria was measured. This procedure was repeated
several times. In Table 3 the results are presented. Tt
can be seen that a bactericlogically reliable water
[standard plate counts <100ml~' according to the

nitrate rich
greundwaker

rinse + disinfectant

“sand
filter denittification
enctor

by,

pusJ

rinse [ ]c-sources

nitrate low phesphate

groundwarfer

Fig. 10. Lab-scale pilot plant for nitrate removal from
ground water using the biological/physical chemica? process.

NOSN in treated
groundwater {mg/Ll)

Table 4. Dirnensions of the pilot plant and ground water com-
position

Volume icn exchange columns 0.951
Volume denitrification reactor

51
Ground water flowrale 85.71h7 7 2% 3291070

Regeneration flowrate 9-1210"!
Rinse flowrate 9-121h~'
Ground waler composition
NOQ; -N 19.2mg1"!
S0~ 29.5mgl""
a- 26.1 mgl-!
HCO; 98.3mgl-!
pH 78
Regenerant NaHCO, 10.5-23.7g1°"

E.C. Council Directive (1980)] can be produced when
0.15% peracetic acid is used the first 15 min during
rinsing.

Pilor plant study

Design of the pilot plant. With the conditions
mentioned above a lab-scale pilot plant was designed.
The pilot plant is shown schematically in Fig. 10.
It consists of three ion exchange columnns filied with
resin Duolite A 165, a sand filter and a USB denitrifi-
cation reactor. Methanol is used as substrate for the
denitrification reactor.

Two ion exchange columns are uysed simulta-
neously for production of potable water with a run
time of 9 h each, but a phase shift of 4.5 h. The third
ion exchange column is connected with the denitrifi-
cation veactor and is regenerated for 3.5 h followed
by | h rinsing with water that contains a disinfectant
(peracetic acid) during the first 15 min, During rins-
ing, water is recirculated through the denitrification
reactor by means of a bypass. In this way every 4.5h
a regenerated ion exchange column is put into service
for nitrate removal from ground water, The pilot
plant is controlied by a pregrammable logic con-
troller (PLC).

Table 4 summarizes the dimensions of the plant
and the ground water composition. During the ex-
perimental period NaHCOQ,; was used as regenerant.
No disinfectant was used and the sand filter was used
only temporarily.

QOperation of the pilot plant. In Fig. 11 the nitrate
concentration in the treated ground water is shown.

time (h)

Fig. 11. Nitrate concentration in the treated ground water. [—Denitrification reactor capacity

525 mg N h~'; I1—denitrification reactor capacity 625mg N h~'; IIl—denitrification reactor capacity

840mg N h~' (denitrification reactor vol $ |, influent concentration 19.2mg NO;-N1~}, maximum
admissible concentration 11.3 mg NOy-N1-").
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All measurements concern the process-cycle of
4.5 h. During the experimental period three different
denitrification reactor capacities were tested with: 525
@, 625 (I}, and 840mgNO;-Nh~' (IID re-
spectively. A higher denitrification reactor capacity
results in a better regeneration of the resin which
means that a lower nitrate concentration in the
treated water can be reached, At each capacity a sort
of breakthrough profile was visible in the 4.5h
processcycle. This is caused by the fact that at the
start of every 4.5h process-cycle one fon exchange
column is switched into service for water production,
while the other is alteady 4.5 h in operation. At the
end of the 4.5h process-cycle one ion exchange
column has been 4.5h in service and the other 9h,
resulting in a higher nitrate concentration in the
treated water.

At the lower denitrification reactor capacity (I)
sulfate was present in the treated water ranging from
3.4 to 5.8 mg S0~ 1", At capacities II and III only
occasionally sulfate was present in the treated ground
water in very low concentrations. Chloride concen-
traticns in the treated water varied between 4.4 and
39.7mg Cl~ 1-'. Bicarbonate concentrations in the
treated water were always higher than influent con-
centrations due to a NaHCO, regenerant. The highest
measured concentration was 238mg HCO; 17", The
pH ranged from 7.70 to §.60.

In order to control and prevent sulfate accumuo-
lation in the regenerant the latter was replaced every
6 days. In Fig. 12 the course of sulfate concentrations

502" tmg/1]
2000

1500

1600 1

16,00 1

1200

1000 1

300 1

600

400 1

200 1

T 60 BC 100 120 140
time (h)

20 40

Fig. 12. The course of sulfate concentrations in the regen-
erant.
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Table 3. Organic fouling of the resin after 44 and 111 days

Extractable organics
{mg organics/g resin)

lon exchange column

{0951) After 44 days After 111 days
1 6.31 11.5)
2 6.57 12,62
3 5.2t 11.13

Table 6. Loss cf resin capacity by organic fouling after 44 and 111
days of operation

Relative capacity {%}

Resin in column Afier 44 days After 111 days
| 90.1 91.0
2 20.1 90.9
3 892 90.6

in the regenerant during these & day periods is shown.
The brine volume produced by renewing the regen-
erant every 6 days is only 13-20% of the brine which
would be produced if the ion exchange columns are
regenerated in the conventional way without a closed
system.

As said before, in a closed system with a biological
process, accumulation of humic and fulvic acids can
occur. These substances can be absorbed by the resin
and influence resin capacity (Wilson, 1959; Frisch
and Kunin, 1960; Ungar, 1962; Abrams, 1982; Pelosi
and McCarthy, 1982). For this reason the extractable
organics were measured for each ion exchange col-
umn and also the capacity of the resin in each
column. This was done after 44 and 111 days of
operation.

The results are presented in Tables 5 and 6. The
capacity is expressed as percentage of the capacity of
an unpolfuted resin which is 1.19equivi’ for
Duolite A 165. Although pollution of the resin
increased from 44 to 111 days the capacity did not
decrease. This is in good accordance with earlier
observations (van der Hoek, 1985). In 11 regen-
eration cycles with effluent of a USB denitrification
reactor the capacity of an anion exchange resin
(Duolite A 163) decreased only 8% and this decrease
was already reached after three regencrations.
Already Harries et @f. (1984) stated that there is no
apparent link between deterioration in resin per-
formance and the degree of organic fouling of the
resin.

CONCLUSION

The described biclogical/physical chemical process
is a very attractive technique for nitrate removal
from ground water. Compared with ion exchange
brine production is very low and regeneration salt
requirement is minimal. Compared with direct bio-
logical denitrification of ground water the production
of bacteriologically reliable drinking water is possible
by means of simple measures, without the need of
extensive post-treatment. Also ground water with a
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high sulfate concentration can be treated with this
technique when a nitrate selective resin is used, for
example Amberlite IRA 996,
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CHAPTER 8

COMBINED ION EXCHANGE/BIOLOGICAL DENITRIFICATION
FOR NITRATE REMOYAL FROM GROUND WATER
UNDER DIFFERENT PROCESS CONDITIONS

J.P. van der Hoek, P.J.M, van der Ven and A, Kilapwijk

Accepied for publication in Water Research

ABSTRACT

Combined ion exchange/biological denitrification is a process for nitrate removal
from ground water in which nitrate is removed by an ion exchanger and the
resins are regenerated in a closed circuit through a biological denitrification
reactor. On laboratory-scale the process was run under three process condilions.
Ground water with q relatively low sulfate concentration (31 mg SO42'/I ) was
treated with the sulfate selective resin Duolite A 165 and with the nitrate selec-
tive resin Amberlite IRA 996. In both cases NaCl was used as regenerant. Al-
though the nitrate concemtration in the treated water was hardly influenced by
the different resin types, chioride and sulfate concenirations were clearly affect-
ed. With the nitrate selective resin sulfate concentrations were higher and chlo-
ride concentrations were lower as compared with the sulfate selective resin.
Treatment of ground water containing a very high sulfate concentration (181 mg
5‘042'/1 ) was possible by the combined process with the nitrate selective resin. In
all three cases sulfate accumulated in the regeneration circuit withoutl impairing
the nitrate removal in the service mode. The regenerant was remewed every (wo
weeks under one process condition. Compared with conventional ion exchange
regeneration this resulls in a reduction of brine production of 95%.

INTRODUCTION

High nitrate concentrations in ground water, used for drinking water, is a problem in sev-
eral Eurapean countries (Marsh, 1980; Richard and Leprince, 1982; Bruyn, 1984; Holtmeier,
1984; Sontheimer and Rohmann, 1984; Furrer and Stauffer, 1986), especially since the Euro-
pean Community introduced a new directive relating to the quality of water intended for
human consumption (European Community, 1980). In this directive the maximum admissible
concentration of nitrate in drinking water has been decreased from 226 to 11.3 mg
NO3™-N/L The guide level is 5.6 mg NO3™-N/L

To remove nitrate from ground water a new process has been developed recently: com-
bined ion exchange/biological denitrification. The process, including basic design criteria and
advantages, has been described previously (Van der Hoek and Klapwijk, 1987). In this pro-
cess nitrate is removed from the ground water by ion exchange. Regeneration of the ni-
trate-loaded resins is carried out in a closed circuit through a biological denitrification
reactor. This reactor removes nitrate from the regenerant so that it can be used again,

The process can be operated under different process conditions. Firstly, the regenerant
can be varied. Regeneration of anion exchange resins can be achieved with sodium chloride
solutions or with sodium bicarbonate solutions as regenerant (Deguin et af., 1978). Secondly,
it is possible to vary the resin type. Strong base anion exchange resins are normally sulfate
selective, but recently some nitrate selective resins have been developed (Guter, 1982) and
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applied (Van der Hoek ef al., 1988). Thirdly, the local ground water composition can vary.
Especially the presence of high sulfate concentrations ¢can affect the removal of nitrate from
the ground water in ion exchange processes (Gauntlett, 1975), thus sulfate will also affect
the combined ion exchange/biological denitrification process.

The treatment of a Dutch ground water containing a relatively low sulfate concentration
(30-31 mg SO42‘/I) with a sulfate selective resin (Duolite A 165) and sodium bicarbenate as
regenerant has been described previously (Van der Hoek and Klapwijk, 1987). This paper de-
scribes the combined ion exchange/biological denitrification process run under three other
process conditions. These are treatment of a Dutch ground water with a sulfate selective
resin (Duolite A 165) and with a nitrate selective resin (Amberlite TRA 99§), both with
sodium chloride as regenerant, and_treatment of an English ground water containing a high
sulfate concentration (181 mg 8042‘11) with a nitrate selective resin (Amberlite IRA 996)
and sodium chloride as regenerant. Treatment of the sulfate-rich ground water with a sul-
fate selective resin has not been considered. Previous experiments (Van der Hoek et al.,
1988) showed that the nitrate capacity of a suifate selective resin is very low in this situa-
tion.

MATERIALS AND METHODS
Apparatus

All experiments were carried out with a laboratory-scale pilot plant (Fig. 1) based on previ-
ous research {Van der Hoek and Klapwijk, 1987; Van der Hoek et gi., 1988). The duration of
both service mode and regeneration mode were different for the two resins used in the
experiments. In the description below the values relate to the sulfate selective resin Duolite
A 165; the values in parentheses refer to the use of the nitrate selective resin Amberlite
IRA 996,

Two ion exchange columns are used simultaneously for production of potable water with a
run time of 9 h {14 h) each, but a phase shift of 4.5 h (7 h). Meanwhile the third ion
exchange column is connected with an upflow siudge blanket (USB) denitrification reactor
(Klapwijk et al., 1981) and is regenerated for 3.5 h (6 h) followed by 1 h rinsing. Methanol
is the carbon source for the denitrification reactor. The optimal methano! dose has been
described elsewhere (Van der Hoek ef al., 1987). During rinsing water is recirculated through
the denitrification reactor by means of a by-pass. A sand filter in the regeneration circuit
prevents carry-over of sludge particles, washed out of the denitrification reactor, into the
ion exchange columns. With this set-up every 4.5 h (7 h) a regenerated ion exchange column
is put into service for nitrate removal from ground water,

nitrate rich

groundwater rinse « disinfectant

sand
filter

by.
pasy

enitrification
reactor

. . C-source s
nitrate low phasphate
groundwater

Fig. 1. Schematic diagram of the laboratory-scale pilot plant.
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Table 1. Three process conditions tested with the Laboratory-scale pilot plant

test condition

A B C
ion exchange resin Duclite A 145 Amberlite 1IRA 996 Amberlite 1RA 996
regenerant Nacl NaCl NaCl
sulfate concentration in Low Low high

ground water

Table 2. Dimensions of the laboratory-scale pilot plant and concentrations in tests A, B and C

test condition

A B C
- pilot plant dimensions
volume ion exchange columns (L) 0.95 1.02 1.45
volume denitrification reactor {1} 5 5 5
ground water flowrate (L/h) 69.2 7.8 71.5/57.4
regeneration flowrate (L/h) -12 10-12 14-16
rinse flowrate {l/h) 9-12 10-12 14-16
- raw water composition
NOz -N (mg/i} 1¢.8 + 0.7 9.7 ¢ 0.9 22.7 ¢ 0.8
5042' (mg/ 1> N6t 1.8 3.1 ¢ 1.4 181.1 ¢+ 3.6
cl” (mgsL) 28.1 ¢ 1.4 6.2 t 1.4 9.6 3.5
NC03' (mg/L) 104.9 + 3.8 102.8 2 4.1 239.3 + 4.1
pH 7.76¢ 0.15 7.88: 0.16 8.20: 0,08
- regenerant concentration (g NaCl/l) 10.1 + 1.25 10.3 ¢ 1.25 ¢.0 + 1.60
- sludge concentration USB reactor
suspended solids (g/1) 200 190 175
ash content (%) &2 64 53

Pilot plant dimensions, ground water composition and regenerant concentration

Three different process conditions were tested. These are summarized in Table |. Table 2
shows the pilot plant dimensions, flowrates, raw water composition, regenerant concentration
and sludge concentration in the USB denitrification reactor (internal diameter 9.4 cm) during
each experimental period. Granular denitrifying sludge {granules 0.5-2 mm), cultivated on
methanol, was used. In test C two different ground water flowrates were used: test CI with
a high flowrate and test C2 with a low flowrate.

In the experiments artificial ground water has been used, made up from tap water. The
composition of the low sulfate ground water was approximately the same as water from one
of the well fields of the water supply company "Oostelijk Gelderland", the Netherlands,
while the sulfate-rich ground water was based on analysis from Waneham, England.
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fon exchange resins

Both resins used in the experiments are strong base macro porous anion exchange resins,
and are described in detail elsewhere (Van der Hoek et al., 1988). Duolite A 163 is a sulfate
selective resin with a total exchange capacity of 1.19 eq/l. Amberlite IRA 996 is a nitrate
selective resin with a total exchange capacity of 1.01 eq/l.

Analyses

Suspended solids and ash content were determined according to Standard Methods (American
Public Health Association, 1980). All other analyses were carried out as described elsewhere
(Van der Hoek and Klapwijk, 1987).

RESULTS AND DISCUSSION
[ Treatment of the low sulfate ground water (tests A and B)

Figure 2 shows the nitrate concentration in the treated ground water in tests A and B. All
measurements relate to the process cycle of 4.5 h (test A) or 7 h (test B), During test A
the denitrification reactor capacity was 505 mg NO3™-N/h, and during test B 8§90 mg
NO3™-N/h. It is clear that during test A the capacity was too low tc maintzin the maximum
admissible concentration of 11.3 mg NO3™-N/I during the whole process cycle.

Figure 2 does not show the effect of the use of a nitrate selective resin. However, when
comparing the sulfate, chloride and bicarbonate concentrations in the treated ground water
in both tests A and B, the difference is obvious, see Table 3. While in test A (sulfate
selective resin) sulfate is almost removed completely, this is only partly so in test B (nitrate
selective resin). Hence the rise of the chloride concentrations in the treated water was
moderate in test B as compared with test A, because in test B a part of the sulfate was ex-
changed for chloride. Apparently also in test B the bicarbonate concentrations remained vir-

NO3-N in treated NO3-N in treated

ground water{mg/1} ground water (mg./1)

20 influent 29 SN ..

A

15 1 15 3

10 4 10 1

51 51

I+ -
9 1 2 3 & 4 1 2 3 4 5 6 7

time (h) time (h)

Fig. 2. Nitrate concentration in the treated ground water during test A and test B.
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Table 3. Effluent sulfate, chloride and bicarbonate concentrations in tests A, B, C1 and C2

effluent concentration test condition

(mg/L) A B c1 c2
su,.z' 0.0~ 5.7 3.4- 279 106.1-199.1 99.8-184.0
cL” 72.0-108.1 46.7- 86.0 98.6-185.8 133.3-194.6
HCO3 78.1-106.8 98.8-115.9 237.3-261.1 247.1-258.7

2 502 (mg/)

« NO3 -N(mg/1} o tI" {mg/l]
25 - = HCO3 (mg/i)
r 120
20 100
15 i '30
160
10 4
L40
> 20
& a
0 —8—T T ——————o 0
0 1 2 5 [ 7 8 g
time (h)

Fig. 3. Break-through curve of a single ion exchange column in test A. Influent
concentrations 19.3 mg NO3 -H/L, 30.8 mg 8042';‘[, 28.3 my CL7 /L and 101.3 mg
HOOR /1; column flowrate 34.6 L/h.

tually the same whereas in test A a small bicarbonate removal was observed.

The difference between the sulfate selective resin and the nitrate selective resin is even
more distinct when break-through curves of one single ion exchange column are compared.
Figure 3 shows such a break-through curve during the 9 h service mode of one column in
test A, and Fig, 4 for the 14 h service mode of one column in test B. Although the influent
concentration of 14.1 mg NO3™-N/1 in Fig. 4 was low as compared with the average ground
water composition in test B, the difference is clear. In test A nitrate breaks through first,
but in test B the situation is opposite: nitrate breaks through after sulfate does.

Besides differences in the composition of the treated water also differences in the regen-
erant composition were observed. In test A the regenerant was replaced every 6 days, but in
test B it was decided to extend this period to 11 days. In both cases the pH and alkalinity
increased in the regeneration circuit to high values within a very short time as a result of
the biological denitrification reaction with methanol. In test A, alkalinity rose to 70-75
meq/l and the pH to 8.9, and in test B to 100-110 meq/l and 8.9 respectively. So, in fact
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Fig. 4. Break-through curve of a single ion exchange column in test B. Influent
concentrations 14.1 mg NO3 -N/L, 31.7 mg so,,z'/l, 26,9 ma CL'/L and 98.2 mg
HEO3 /L; column flowrate 38.4 L/h.
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Fig. 5. The course of sulfate concentrations in the regenerant during test A and
test B.
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the regeneration was not the effect of a chloride solution, but of a combined chloride/bi-
carbonate solution. The higher alkalinity in test B was caused by the extended period during
which the same regenerant was used without renewal, and by the higher capacity of the
denitrification reactor in this test. This may also explain the absence of bicarbonate removal
from the ground water in test B, since the ion exchange columns contained more bicarbonate
at the start of each service mode as a result of the higher alkalinity in the regeneration
circuit.

The removal of sulfate from the resin into the regenerant during regeneration leads to an
accumulation of sulfate in the regenerant. Figure 5 shows the course of the sulfate concen-
tration in the regenerant during the 6 day (A) or 11 day (B) periods. Because in test B
sulfate was only removed in part from the ground water, the resin contained less sulfate
after each service mode and sulfate concentrations in the regenerant did not reach the
values, measured in test A.

IT Treatment of the sulfate-rich ground water {test C}

Figure 6 shows the nitrate concentration in the treated ground water in test C, A ground
water flowrate of 71.5 [/h, comparable with the flowrates in test A and B, resulted in
nitrate concentrations above the maximum admissible concentration of 11.3 mg NO3™-N/1 at
the end of the 7 h process cycle (test Cl1). At the end of the process cycle one ion ex-
change column has been in service for 7 h and the other for {4 h, resulting in nitrate
break-through. When the flowrate was reduced to 57.4 1/h (test C2) it was possible to attain
the guide level of 5.6 mg NO3™-N/1 in spite of the high sulfate concentration in the ground
water. As a result of the lower flowrate the nitrate load of the ion exchange columns is
lower and at the end of the 7 h process cvcle no break-through is observed. In both cases
the capacity of the denitrification reactor was 1020 mg NQO3™-N/h,

The sulfate, chloride and bicarbonate concentrations in the treated ground water are sum-
marized in Table 3. Chloride concentrations were always higher than the influent concen-
tration due to the use of sodium chloride as regenerant. Compared with test Cl, effluent
chloride concentrations were somewhat higher in test C2 since nitrate removal was better in

NO3-N in treated NO5- N in treated
ground water{mg/1) ground water (mg/1}
25- 25
I influent 1 influent ]
204 20
N} 2
154 15 1
10 4 104
5 5 7
/B, T T T 04 : r —r—
0 2 4 6 0 2 4 6
time (h) time (h)

Fig. &. Nitrate concentration in the treated ground water during test C1 and test C2.
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Fin. 7. Break-through curve of 8 single fon exchange column in test C1. Influent
concentrations 22.9 my MOz -N/L, 182.1 mg 3042',11, 91.2 mg CL /L and 238.8 mg
HCO3 /L; column flowrate 35.8 L/h.
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Fig. 8. Break-through curve of a single fon exchange column in test C2, Influent

concentrations 21.5 mg NOz -N/L, 177.7 mg 5042‘/1, 89.9 mg CL™/L and 237.9 mg
HEO3 /1; calumn flowrate 28.7 L/h.
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test C2. The high sulfate concentration in the effluent demonstrates the nitrate selectivity
of Amberlite IRA 996. The concentration occasionally even rose above the influent sulfate
concentration of 181 mg/l, as sulfate was displaced from the resin by nitrate. This is per-
ceptible in Fig. 7 {test C1) and in Fig. 8 (test C2) in which break-through curves of a
single ion exchange column during the entire service mode of 14 h are shown, The break-
through curve of such an individual ion exchange column also explains the composition of
the treated ground water, shown in Fig. 6 and in Table 3, which is the average of two of
these break-through curves with a phase shift of 7 h.

The regenerant was replaced every 13-14 days. During these periods the alkalinity rose to
110-120 meq/1 and the pH to 9.1, thus, as in tests A and B, also in this case alkalinity
played an important role in the regenerant beside chloride. The course of the sulfate con-
centration in the regenerant is shown in Fig. 9. Concentrations up to 5 g 504°7/1 were
reached without any negative effect on nitrate removal during the service mode.

CONCLUSIONS

For the removal of nitrate from ground water, containing low sulfate concentrations, the use
of nitrate selective resins offers no advantages over the use of sulfate selective resins in
the combined ion exchange/biological denitrification process with respect to effluent nitrate
concentrations. However, with nitrate selective resins chloride concentrations in the treated
water are lower as compared with sulfate selective resins, because sulfate is only partly
exchanged for chloride. For the removal of nitrate from water containing high chloride
concentrations, this can be a benefit.

The experiments showed that water with extremely high sulfate concentrations can also be
treated with the combined process when a nitrate selective resin is used. High chloride and
bicarbonate concentrations beside high sulfate concentrations caused no difficulties, but in
this case it is wise to consider the use of other techniques which remove all four anions,
because in that water not only nitrate is a problem: according to the E.C. directive (Euro-
pean Community, 1980) the guide levels of both chloride and sulfate are 25 mg/l, and the

S0 tmg /1)
60001 .

5000 4

0 — T
0 50 100 150 200 250 300 350
time {h}

Fig. 9. The course of sulfate concentrations in the regenerant during tests C1
and C2.
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maximurm admissible concentration of sulfate is 250 mg/l. For chloride no maximum admis-
sible concentration is given, but it has been noticed that above 200 mg Cl17/1 effects
might occur (European Community, 1980). Reverse osmosis (Guter, 1982; Richard and Le-
prince, 1982; Bilidt, 1985; Rautenbach er af., 1986) or electrodialysis (Perry and Kedem,
1981; Richard and Leprince, 1982; Rautenbach et al., 1985) may be better techniques to deal
with those waters. Nevertheless, the experiments with the English ground water clearly
demonstrated that nitrate removal from ground water by the combined ion exchange/bio-
logical denitrification process is hardly affected by other anions.

Finally, it is possible to reach a very substantial reduction in brine production. As com-
pared with conventional regeneration procedures (regeneration for 30 min with 5 bed vol-
umes/h), the renewal of the regenerant once every two weeks results in a reduction of 95%
in volume,
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CHAPTER 9

MODELLING AND OPTIMIZATION OF THE COMBINED
ION EXCHANGE/BIOLOGICAL DENITRIFICATION PROCESS
FOR NITRATE REMOVAL FROM GROUND WATER

J.P. van der Hoek, R.J.B. Zwanikken, A. Griffioen and A. Klapwijk

Accepted for publication in Zeitschrift fiir Wasser- und Abwasser-Forschung

ABSTRACT

Combined ion exchange/biological denitrification is a process for nitrate removal
from ground water. In this process nitrate is removed from the water by ion
exchange. The resins qre regenerated in a closed system including a biological
denitrification reactor which removes nitrate from the regenerant. A mathematical
maodel has been developed to describe the combined ion exchange/biological deni-
trification process. The ion exchange model is based on chemical equilibria and
selectivity coefficients. The biological denitrification model is based on zero order
kinetics for reduction of nitrate to nitrogen gas, The model has been very useful
in explaining low denitrification reactor capacities observed in a laboratory scale
pilot plant. These low capacities were due to nitrate limitation of the denitrifica-
tion reacior during regeneraiion of anion exchange resins. The model showed that
it is possible to optimize the regeneration procedure by intreducing a buffer in
the regeneration circuit after the ion exchange column.

INTRODUCTION

Nitrate removal from ground water. and drinking water is necessary in several countries
(Greene, 1978; Richard and Leprince, 1982; Bruyn, i984; Sontheimer and Rohmann, 1984;
Anonymus, 1987) to supply water with nitrate concentrations below the maximum admissible
concentration of 50 mg NQ3™/1 according to the EC directive (European Community, 1980).
One of the methods to achieve this is the combined ion exchange/biological denitrification
process (Van der Hoek and Klapwijk, 1987; Van der Hoek et al., 1988b). In this process
nitrate is removed from the ground water by ion exchange, while the resins are regenerated
in a closed system by an upflow sludge blanket {(USB) denitrification reactor. The regenera-
tion procedure is shown schematically in Fig. 1. The regenerant flows through the ion
exchange column, and the nitrate rich regenerant then passes through the denitrification
reactor where denitrifying bacteria convert nitrate into nitrogen gas. Methanol is added as
carbon source and energy source. After removal of nitrate from the regenerant it can be
used again and thus regeneration salt requirement and brine production are minimized.

The process has been tested successfully at laboratory-scale under different process condi-
tions (Van der Hoek and Klapwijk, 1987; Van der Hoek er al., 1988b). The laboratory pilot
plant consists of three ion exchange columns and one denitrification reactor. The regenera-
tion time, including rinse time, is half of the run time of each ion exchange column in the
service mode. This offers the opportunity to run the process on a continuous base by using
two ion exchange columns for nitrate removal from ground water, working with a phase
shift which is half of the run time, while the third column is being regenerated.

In all experiments it has been noticed that the volumetric capacity of the USB denitrifi-
cation reactor during implementation in the combined process was only one-third to a half
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of the maximum capacity attainable for this type gf reactor. The maximum capacity of this
reactor is 35.7 meq NO3~/(Lh) (500 g NO3™-N/(m->.h)) (Klapwijk et al., 1981). Even though
the process was started with a USB denitrification reactor with this high capacity, within
one day the capacity fell to a much lower value (33-50%).

resin which has to
be regeneroted

denitrification
reactor

NOB-__ N, (7% NOg —= (1"« NO3

erganic
C-source

Fig. 1. Regeneration of a nitrate-loaded anion resin into the chloride form in a
closed system with a8 bialogical denitrification reactor.

This paper presents a mathematical model including the ion exchange and biological de-
nitrification processes. As the aim was to model the regeneration procedure as a whole, the
separate processes are not described in detail, but denitrification has been schematized by
zero order reaction kinetics, and ion exchange through selectivity coefficients and chemical
equilibria, With the model it is possible to explain the reduction of the volumetric capacity
of the denitrification reactor. The model shows that the regeneration process can be op-
timized by using a buffer in the regeneration circuit after the ion exchange column,

MODEL DEVELOPMENT

The mathematical model includes the following submodels:

- a model in which the ion exchange process is calculated, both for the service moede when
ground water flows through the ion exchange column and for the regeneration mode when
the column is regenerated with a concentrated NaCl solution.

- a model of the upflow sludge blanket denitrification reactor.

In this section both submaodels and the combination of the submodels into one overall model

to describe the regeneration of an ion exchange column in a closed circuit will be discussed.

The ion exchange model
i. Processes
The ion exchange process can be described by chemical equilibria and selectivity coeffi~

cients. For the anions nitrate, sulfate, bicarbonate, nitrite {A2") and chleride (CI7) liquid
composition and resin composition are related to each other by the chemical equilibrium
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A% 4+ aCl” «— A%" 4 aCl” (1]

and the chemical preference of the resin for anion A?™ over Cl™ is expressed by the selec-
tivity coefficient, defined as

a= —.a
N ¥ il T {3 N (2]

cl [Aa_].[CI_] a

with [A27], {CI"] = concentration of anions A%~ and CI” on the resin (meq/1)
[A®"], [C1"] = concentration of anions A2~ and Cl” in solution {meq/I)

It has been assumed that there is no difference between concentrations and activities and
that the total exchange capacity of the resin is equal for all anions.

2. Physical system and mathematical representation

Figure 2 shows the schematic representation of the ion exchange column. This is partly
based on an algorithm developed by Guter (1985) for the estimation of effects of resin and
water composition on column performance in nitrate ion exchange. The ion exchange column,
filled completely with resin without freeboard, is divided into n compartments. At the start
of the calculation, the initial composition of all resin compartments is known (R1-i, R2-1,...,
Rn-i) together with the initial composition of the liquid. The first liquid portion with initial
composition LI-i flows into the ion exchange column and is mixed with the first resin
compartment. The liquid attains equilibrium with the resin during the retention in the com-
partment. Then this liquid portion, with a new composition L1-1 flows into the second resin
compartment with composition R2-i, and again attains equilibrium. Finally, after it has
passed n resin compartments, this liguid portion leaves the ion exchange column with a new
composition L1-n.

liquid first fiquid secand ligud third liquid
ortion ortian ortion
low p P p |
|
|
) |
first resin
compartrment

second resin

compartment

n—th resin

compartment

— time

Fig. 2. Schematic representation of the ion exchanoe process.
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The change in composition of the first liquid portion during passage through all resin
compartments is accompanied by a concomitant change in the composition of each resin
compartment. After passage of the first liquid portion the ion exchange column has been
changed into n resin compartments with compositions R1-1, R2-1,....., Rn-1, Then a second
liquid portion with initial composition L2-i can flow into the jon exchange column with the
new composition (R1-1, R2-1,...., Rn-1) and the calculations can be repeated.

In the calculations absolute quantities of anions (meq) in liquid portions and in resin
compartments are used instead of concentrations (meq/l). For equilibria between monovalent
anions the selectivity coefficient defined in equation [2] can be used, but for equilibria
between monovalent and divalent anions the selectivity coefficient must be recalculated.
For the equilibrium between sulfate and chloride this results in

504 _ _ 504 Vipert x n
K2oy = Koy X Vie (3]

. S04 - .
with Kzs%la recalculated selectivity coefficient

Koy = selectivity coefficient according to equation [2]
Ylport = volume of the liquid portion (1}

Vie = total volume of the ion exchange column (1)

n = number of resin compartments

In each calculation first estimates of the guantities of anions on resin phase and in liquid
phase are made; through a series of iterations converging to within an acceptable range of
the equilibrium value the new values are calculated.

The denitrification reactor model

1. Processes
The denitrification reaction with methanol can be described as follows:

6NO3™ + SCH30H ——» 3Nj + 4HCO3™ + CO32" + 8H0 [4]

This implies that no intermediates (NQ37) are formed in the reactor, In the calculations,
the 6 equivalents alkalinity (4HCO3™ + C032‘) that are produced during reduction of 6
equivalents NO3~ are taken together as 6 equivalents HCO3™. This does not interfere with
the ion exchange process because anion exchange resins do not prefer CO3%~ over HCO3™
(Clifford and Weber, 1978). However, with this simplification it is not possible to calculate
pH changes due to the biological denitrification process. The result of this approach is,
that in the model only nitrate and bicarbonate concentrations are affected by the denitri-
fication process. It is assumed that the biological denitrification process follows zero order
kinetics {Cooper and Wheeldon, 1980; Requa and Schroeder, 1973). Production of biomass and
sludge wash-out from the denitrification reactor are not incorporated in the model, thus the
mathematical model is restricted to a stationary situation with respect to sludge and the
capacity of the denitrification reactor is assumed to be constant.

2. Physical system and mathematical representation

The USB denitrification reactor is also modelled by dividing it into n compartments. A
portion of liquid is mixed with the first compartment and a mass balance is made, Part of
the nitrate is denitrified and part of the nitrate flows to the next compartment, in which a
mass balance is made again. Finally the composition of a liquid portion leaving the deni-
trification reactor is known. Figure 3 shows the mass balance for nitrate or alkalinity over
compartment j which is calculated according to equation [5]:

DR(j,m)pew = DR{},m)g1q + DI{j-1,m) - DO(j,m) - DD(j,m) [5]
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Fig. 3. Schematic representation of the deni-
trification process, o

with DR(j,m) = number of equivalents of component m in denitrification reactor com-

partment j;

DI(j-1,m) = number of equivalents of component m that flows from denitrification
reactor compartment j-1 into compartment j;

DO{j,m) = number of equivalents of component m that flows to the next denitrifica-
tion reactor compartment j+1;

DD{(j,m) = number of equivalents of component m that changes in compartment j by
the biological denitrification process.

Since it is assumed that the denitrification process follows zero order Kinetics, the term
DD(j,m) in equation [5] is calculated by the following equation and checked for negative
concentrations;

DD(j,m) = rval x (Vlport/Q) x Vcomp [6]

with rvol volumetric denitrification capacity {meq NO3~/(Lh)}

Viport = volume of the liquid portion (1)
Q = flow rate through the denitrification reactor (}/h)
Vecomp = volume of the denitrification reactor compartment (1)

Connection of the ion exchange column and the denitrification reactor

The overall model of the biclogical regeneration of an ion exchange column is obtained by
combining the ion exchange model with the denitrification reactor model. To optimize the
regeneration procedure, four different process configurations have been modelled, as shown
in Fig. 4. In configuration A the jon exchange column and denitrification reactor are con-
nected directly without the use of a buffer. In configurations B, C and D a buffer is intro-
duced between the two units, The function of this buffer is to smooth variations in nitrate
concentrations and will be explained in detail in a following section. The composition of the
liquid in the buffer is calculated from a mass balance. It is assumed that the buffer is
completely mixed and that no chemical or biological reactions take place.
Other assumptions and restrictions in this part of the computer program are:
- The volumes of pipes connecting the reactors are neglected
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= |ON EXCHANGE COLUMN
DR = DENITRIFICATION REACTOR
B = BUFFER

Fig. 4. Four process configurations to regenerate a nitrate-loaded anion exchange
resin in a closed system with a biological denitrification reactor.

- No anions are lost from the system by precipitation or rinsing of the ion exchange
column.

The model allows simulation of liquid and resin composition for a wide variety of conditions

and different process configurations.

MODEL VERIFICATION

The most important model parameters are selectivity coefficients, resin capacities and the
denitrification reactor capacity. All these parameters have been determined in separate
experiments. Selectivity coefficients and ion exchange capacity for the nitrate selective resin
Amberlite IRA 996 were taken from Van der Hoek and Klapwijk (1987) and from Van der
Hoek et al. (1988a). For the sulfate selective resin Amberlite IRA 400 these parameters were
derived from additional experiments. The maximum capacity of a USB denitrification reactor
was taken from Klapwijk et al. (1981).

The ion exchange part of the model has been tested by comparing an experimental and a
simulated break-through curve. The resin used was Amberlite IRA 400 (sulfate selective) in
the chloride cycle and test conditions are summarized in Table 1. Figure 5 shows the results
using different numbers of resin compartments. Dividing the ion exchange column into more
compartments results in a closer agreement with the experimental data. In a tanks in series
model the number of tanks is related to the axial dispersion according to equation [7] (Beek
and Muttzall, 1975):

vL vL
n=-°5 (for > 10) [7]

with n = number of tanks
v = real liquid velocity (m/s)
L = characteristic reactor length ("‘9
D = axial dispersion coefficient (m</s)
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Table 1. Experimental data and computer input data in the break-through
experiment for model verification

flowrate 10 Bv/h (BV = bed volumes)
time step 0.1 h
ground Water composition:
NO3 =N 3.30 meg/l (53.2 m/)
s0,% 2.30 mea/l  (110.4 mg/L)
cL” D.00 meq/L €0.0 mg/sL)
resin properties:
exchange capacity A 1.40 eq/l
selectivity coefficients K
A = NOg~ 3.789
A =s0,% 0.180

*NO3{meq/t) oS0/ (meg/l)
7-|
ow experimental volues
— caleulated curves

nitrate

0 Too0 200 300 | &0 500
bedvolumes

Fig. 5. Experimental and calculated effluent concentrations during the break-
through experiment as described in Table 1 with the ion exchange column divided
into 5, 10 or 20 resin compartments.

From Fig. 5 it is clear that the shape of the calculated break-through curves is influenced
by the number of tanks, thus by dispersion, The experimental break-through curve fits best
with the calculated break-through curve with the [owest dispersion (n = 20). Changing the
time steps from 0.01 h to [ h, with the ion exchange column divided into 20 compartments,
did not affect the results very much (results not shown).

A two tanks in series model for the USB denitrification reactor is based on residence time
distribution measurements in a 3.3 m”’ demonstration-plant reactor {unpublished results).
Bolle et al. (1983) also modelled the fluid flow in an upflow (anaerobic) sludge blanket reac-
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tor by two tanks in series. As long as the sludge bed was high enough (above 3 m in a 30
m? reactor) the short-circuiting over the sludge bed could be neglected. The low number of
tanks implies a high dispersion. However, this does not affect the performance of the deni-
trification reactor since zero order reaction kinetics have been assumed.

Table 2. Standard input data for calculation of the regeneration process

process conditions regeneration circuit:

valume denitrification reactor
volume ion exchange column
volume buffer

regeneration flowrate

duration regeneration mode
initial regenerant concentration

process conditions service mode:
flewrate through one ion exchange column

51
1.02 1 ¢=1BV)

10 L {optional)

10 L/h (= 9.8 BV/h)
& h

178 meq CL™/L (10.4 g RaCl/)

35 L/h (= 34.3 BV/h)

ground water composition:

NO3 -N 1.37 meq/1 119.2 mg/13
2 0.61 meq/L (29.5 ma/L)
HCOz~ 0.74 meq/l (46.9 ma/L>
e 1.61 meqsL (57.2 mg/L)
KO, N a.00 meqst (0.8 mgsl)
duration service mode 14 h
modelling of the fon exchange column:
resin capacity (Amberlite IRA 996) 1.01 eg/L
selectivity coefficients K
A = 50,2 € 0.0413
A = NOy~ 9.0
A = BCO3~ 0.364
A = NOp” 0.764
rmmber of resin compartments 30
time step regeneration mode 0.01 h
time step service mode 0.06 h

modelling of the denitrification reactor:
reactor capacity 35.7/21.4 meq HO3 /(L.h)
number of compartments 2

The overall model of biological regeneration has been tested by simulation of pilot plant
experiments with a regeneration process according to configuration B in Fig. 4. In the
experiments, every regeneration of the ion exchange columns took 7 hours including the
rinse phase of | hour, and the nitrate concentration in the buffer was measured every day
on arbitrary times. With the data given in Table 2 and with an initial nitrate concentration
of 9.3 meq NO37/1 and additional sulfate (41 meq 5042‘/1) and bicarbonate (88 meq HCO3 /1)
in the regenerant, the course of the mitrate concentration in the buffer during the 7 hours
periods was simulated and compared with the experimental data, Figure 6 shows that the
model fits well with the experimental results.
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Fig 6. Experimental and calculated nitrate concentrations in the buffer (process
configuration B) during regeneration of an anion exchange column.

OPTIMIZATION OF THE REGENERATION
The origin of a low denitrification reactor capacity

As mentioned in the introduction a rather low capacity of the denitrification reactor was
observed when it was used in the regeneration circuit according to process configuration B
in Fig. 4. Figure 7 clearly demonstrates this. The capacity, expressed as meq NO37/(L.h}, has
been calculated from the observed amount of nitrate reduced to nitrogen gas in the denitri-
fication reactor during periods of 24 hours, and thus represents an average capacity. Period
I shows the increase of the capacity to 45 meq NO3~/(Lh) during the start-up of the reactor
with synthetic waste water containing nitrate and methanol. In period II the reactor is used
in the regeneration circuit to remove nitrate from the regenerant, and immediately the
capacity decreases to about 15 meq NO3~/(Lh), although complete regeneration of the ion
exchange columns would have resulted in an average capacity of 32.6 meq NO37/(Lh) in this
experiment, In period III the regeneration process is stopped and the denitrification reactor
is fed with nitrate and methanol, resulting in an increase of the capacity to 35 meq
NO37/(Lh). However, restart of the regeneration process at day 77 (period IV} shows the
same decrease as in period II, and after the regeneration process is stopped at day 122 for
a second time, immediately the capacity returns to a high value (period V).

At first it was thought that toxic compounds from the ion exchange resin might have
inhibited the denitrification during the regeneration process. It is known that constitutive
monomers like styrene, divinylbenzene, trimethylamine, dimethylethanolamine and there
derivates can leach from strong base anion exchange resins (Deguin et al., 1978; Doré et al.,
1586; Sibony, 1979). However, batch experiments showed that the activity of denitrifying
sludge suspended in water containing nitrate and methanol was exactly the same as the
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activity of denitrifying sludge suspended in the regenerant enriched with nitrate and meth-
anol, 7.5 and 7.4 mg NO3~-N/(g VS8.h) respectively (VSS = volatile suspended solids).
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Fig. 7. Course of the capacity of the denitrification reactor during periods when
it was fed with synthetic waste water (periods 1, III[ snd V), and during periods
when it was used in the regenmeration circuit (periods [1 and [¥, process con-
figuration 8).

The mathematical model could explain the decrease of the capacity of the denitrification
reactor. Figure 8 shows the simulated nitrate effluent concentration of the ion exchange
column during regeneration according to the simplest process configuration, i.e. regeneration
without the use of a buffer {configuration A in Fig. 4). In this calculation, as in all others
described below, we used standard input data, listed in Table 2. Figure 8 already reveals the
origin of the problem. Nitrate is released from the ion exchanger with a high peak value at
the start but then decreases to a very low concentration. This is a characteristic course
during regeneration. In process configuration A the effluent of the ion exchange column is
the influent of the denitrification reactor. To maintain the denitrification reactor at the
high capacity of 35.7 meq NQ3~/{Lh) (500 mg NO3™-N/(Lh}) at a regencration flowrate of
10 1/h, the influent concentration must be at least 17.85 meq NOj37/1 (volumetric reactor
capacityxreactor volume/flowrate = 35.7x5/10). After passage of 15 BV the effluent concen-
tration of the ion exchange column already falls below this value and the denitrification
reactor becomes nitrate limited.

Hence, it is necessary to aim at a nitrate influent concentration of the denitrification
reactor which is high enough to avoid nitrate limitations, but this may result in relatively
high nitrate effluent concentrations. As the effiuent of the denitrification reactor is the
influent of the ion exchange column during regeneration, this will result in a poor regenera-
tion. It can be concluded that two counteracting conditions have to be fulfilled to optimize
the regeneration procedure: a high nitrate influent concentration for the denitrification
reactor, and a low nitrate effluent concentration of the denitrification reactor.
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Fig. 8. Nitrate effluent concentration of the ion exchange column during regen-
eration according to process configuration A (denitrification reactor capacity
35.7 meq NOg /CL.h)),

Process configurations to optimize the regeneration

Three other process configurations were simulated with the model to find an optimal process
scheme by which both conditions can be fulfilled. In each of these a buffer has been intro-
duced in the regeneration circuit to dilute the influent of the ion exchange column (con-
figuration C), to smooth the influent concentrations to the denitrification reactor (con-
figuration D) or to attain both (configuration B). Figure 4 shows these configurations. As
the pilot plant experiments have been carried out according to process configuration B (Van
der Hoek and Klapwijk, 1987; Van der Hoek et al., 1988b), first the computer simulations of
this configuration will be presented and compared with the experimental results. After that
configurations C and D will be discussed.

Process configuration B

Figure 9 shows the nitrate concentration in the buffer during regeneration of an ion ex-
change resin, Curve Bl simulates a denitrification reactor capacity of 35.7 meq NO3~/(Lh)
and curve B2 a capacity of 21.4 meq NO3~/(1.h) (300 mg NO3~-N/(Lh)). It is clear that also
with this process configuration the denitrification reactor operates under nitrate limitation.
The water in the buffer in fact serves as the influent of the denitrification reactor. The
minimum concentration of 17.85 meq NO37/1 necessary to attain the denitrification reactor
capacity of 35,7 meq NO3~/(L.h) at a flowrate of 10 1/h is never reached: curve Bl (Fig. 9)
shows that it varies between 4.0 and 16.75 meq NO3™ /1. The reactor capacity as measured in
the pilot plant experiments (Fig. 7), which is only 33-50% of the maximum capacity, is in
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good accordance with these values. To reach a capacity of 21.4 meq NO3~/(1Lh) the influent
of the denitrification reactor must contain at least 10.7 meq NO3~/1 (volumetric reactor
capacityxreactor volume/flowrate = 21.4x5/10). Only between 3 and 22 BV this is true (Fig. 9
curve B2}, thus even with a lower capacity the denitrification reactor becomes nitrate
limited.

NG, (meq/l)

309 B1,01: denitrification reactor
capacity 357 meq NO3/lLh)

251 B2,D02: denitrification reactor

capacity 214 meg NOZ/{Lh)

s

0 10 20 30 40 50 60
bedvolumes

Fig. 9. Nitrate concentration in the buffer during regeneration according to
process configuration B (curves B1 and B2) and during regeneration according to
process configuration D (curves D1 and D2),

Curves Bl and B2 in Fig. 10 show the nitrate concentration in the effiuent of the deni-
trification reactor. Curve Bl (denitrification reactor capacity 35.7 meq NO3~/(1L.h)} confirms
that the denitrification reactor indeed is nitrate limited since the nitrate effluent concentra-
tion is almost zero. Curve B2 in Fig. 10 represents the nitrate effluent concentration when
the denitrification reactor has a capacity of 21.4 meq NO3~/(Lh). From 8 to 27 BY the
concentration is significantly higher because during that period the denitrification reactor is
not nitrate limited. The delay of 5 BV as compared with curve B2 in Fig. 9 equals the
volume of the denitrification reactor (5 1 = 4.9 BY).

As the water in the buffer is also the influent of the ion exchange column during regen-
eration, the maximum nitrate concentrations (Fig. 9 curves Bl and B2, 16.75 meq NO37/1) are
high as compared with the initial chloride concentration of the regenerant (Table 2, 178 meq
C17/1) and thus result in a poor regeneration.

Process configuration C
Introduction of the buffer after the denitrification reactor and before the ion exchange

column (Fig. 4) does not improve the process. The peak value of nitrate which comes from
the ion exchange column and partly passes the denitrification reactor, is stored and diluted
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in the buffer, but still contains a high nitrate concentration. Curve C1 in Fig. 11 shows the
nitrate concentration in the buffer. Compared with the nitrate concentration in the buffer in
process configuration B (curves Bl and B2 in Fig. 9) no improvement can be seen and again
regeneration takes place with a regenerant containing a substantial nitrate concentration,
resulting in a poor regeneration.

From the effluent of the ion exchange column {curve C2 in Fig. 11) it is clear that the
denitrification reactor operates nitrate limmited after passage of approximately 15 BV.

NO; (meg/l)
6-
denifrification reactor
5 capacity 357 meq NGj /IL.h)
denitrification reactor
4 capacity 21.4 meg NO, /(Lh)
3_
2-.
1 -
T 1 L
0 40 50 60
bedvolumes

Fig. 10. Nitrate effluent concentration of the denitrification reactor during
regeneration according process configuration B (curves B! and B2) and during
regeneration according ta process configuration D (curve D1).

Process configuration D

The best results are obtained when the buffer is placed as in process configuration D in
Fig. 4. The nitrate peak value from the ion exchange column is smoothed in the buffer,
producing a more constant influent concentration of the denitrification reactor, whereas the
effluent of the denitrification reactor, serving as the influent of the ion exchange column,
contains a relatively low nitrate concentration. In Fig, ¢ curves D1 (denitrification reactor
capacity 35.7 meq NO3~/(Lh)) and D2 (denitrification reactor capacity 21.4 meq NO3~/(Lh))
show the nitrate concentrations in the buffer, serving as the influent of the denitrification
reactor. At a capacity of 35.7 meq NO3~/(Lh) the period during which no nitrate limitation
occurs is extended to 20 BV (concentration above 17.85 meg NO37/1} and at a capacity of
21.4 meq NO37/(L.h) to 30 BY (concentration above 10.7 meq NO3~/1). Figure 10 shows the
effluent of the denitrification reactor (influent of the ion exchange columm), Curve DI
represents a denitrification reactor capacity of 35.7 meq NC37/(Lh). The maximum nitrate
concentration is 5.9 meq NO37/l. As compared with the nitrate influent concentrations of
the ion exchange column in process configuration B (curves Bl and B2, Fig. 9) and C (curve
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Cl, Fig. 11) this is low, At the lower denitrification reactor capacity (21.4 meq NO3~/(L.h))
the maximum nitrate concentration in the effluent of the denitrification reactor is 12 meqg
NO37/1 (not shown in Fig. 10}, which is also low as compared with configurations B and C.

Thus, with this configuration both demands can be realized: nitrate limitation of the
denitrification reactor is avoided during a longer period, and the influent of the ion ex-
change column contains a low nitrate concentration during regeneration,

The volume of the buffer affects the regeneration process, When the volume is increased,
the nitrate peak value from the ion exchange column is more smoothed and results in a
more constant influent concentration of the denitrification reactor. However, increasing the
volume from 2 to 10 1 showed much effect, whereas increasing it from 10 to 15 I did not
result in a substantial improvement.

NOy{meg/L}
607

501
&40

301
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Fig. 11. Nitrate concentration in the buffer (curve C1} and nitrate effluent
concentration of the fon exchange column (curve C2) during regeneration according
to process configuration C (denitrification reactor capacity 35.7 meq
NOz /(L.hY).

CONCLUSIONS

A mathematical model, based on chemical equilibria and selectivity coefficients for ion
exchange and zero order reaction kinetics for biological denmitrification, gives a good de-
scription of a combined ion exchange/biological denitrification process for nitrate removal
from ground water. The model shows to be very useful in explaining low denitrification
reactor capacities observed in laboratory experiments. It could be shown that nitrate limita-
tions were responsible for these low capacities.

The model predicts that the regeneration process can be improved by the introduction of
a buffer in the system after the ion exchange column and before the denitrification reactor.
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In this configuration nitrate limitations of the denitrification reactor can be avoided and
the effluent of the denitrification reactor, which serves as the influent of the ion exchange
¢olumn during regeneration, will contain a relatively low nitrate concentration. This pro-
motes a good regeneration of the anion resin.
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CHAPTER 10
SUMMARY

Nitrate pollution of ground water as a result of fertilization in agriculture is a serious
problem in many European countries. Both animal manure and artificial fertilizer cause prob-
lems. Ground water is often used for drinking water supply, and according to the European
Community directive the maximum admissible concentration of nitrate in drinking water is
11.3 mg NO3™-N/1 while the guide level is only 5.6 mg NO3™-N/1,

To supply water that meets this standard several water supply companies will have to
remove nitrate from ground water. For this purpose various biological and physico-chemical
techniques are available, but only biological denitrification and ion exchange are considered
practical and feasible for treatment of drinking water. However, both these processes have
important disadvantages. Biological denitrification implies a direct contact between ground
water, which in general is bacteriologically reliable, and micro organisms, and in the case of
heterotrophic denitrification also between ground water and the carbon source that has to
be added. Therefore, extensive post treatment is necessary to safeguard the drinking water
quality. The production of nitrite, an intermediate product of biological denitrification, is
another important drawback. Ion exchange has the disadvantage that for regeneration of the
resins a large excess of salt is needed while the disposal of the voiuminous concentrated
brine, produced during regeneration, causes problems.

This study focuses on the development of a new technique that consists of a combination of
ion exchange and bioclogical denitrification into one process, by which the disadvantages of
the separate techniques can be avoided. Nitrate is removed from the ground water by ion
exchange. Regeneration of the resins takes place in a closed system, containing an upflow
sludge blanket (UJSB) denitrification reactor, In this reactor nitrate, removed from the resins
during regeneration, is converted into nitrogen gas, so that the regenerant has not to be
disposed of but can be used again. Advantages of this process are the reduced regeneration
salt requirement and minimal brine production as a result of the regeneration in a closed
system, There is no need for an extensive post treatment because the ground water is not
in direct contact with the biological process. Measures necessary to safeguard the bacterio-
logical drinking water quality can be taken in the regeneration system itself.

In this combined ion exchange/biological denitrification process in fact the regenerant,
containing the nitrate removed from the ion exchanger, is treated by the denitrification
reactor. As the concentration of salts used for regeneration, NaCl or NaHCOj, in this liquid
is high, it is important t0 know how these high salt concentrations affect the biological
denitrification process with methanol as carbon and energy source. Chapter 2 describes this
research. We examined the effect of high salt concentrations on the activity of denitrifying
sludge, the sludge yield coefficient and the methanol/nitrate ratio. Concentrations up to 30
g NaCl/l or 30 g NaHCO3/1 had only little effect on the activity of denitrifying sludge. In
contrast to NaCl, high NaHCOj3 concentrations reduced the sludge yield coefficient, and the
methanol/nitrate ratio almost reached the stoichiometric value. High NaHCQ3 concentrations
also resulted in low nitrite concentrations in the denitrification process. As a result of the
denitrification reaction with methanol, the pH in the closed regeneration system rises up to
8.8-9.2. Therefore we studied the effect of these high pH values on biological denitrification.
It appeared that up to a pH of 9.5 denitrification proceeded very well.

In addition to nitrate also sulfate will be removed from the ground water by the ion
exchange resins. During regeneration this is removed from the resins very easily, resulting
in accumulation of sulfate in the regeneration circuit up to 5 g 5042'/1. Chapter 3 deals
with the occurrence of sulfate reduction in a denitrification reactor in the presence of high
sulfate concentrations, Under normal process conditions and with the use of methanol as
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carbon and energy source for the denitrifying bacteria sulfate reduction will not be initiated
in the closed regeneration system.

Recently nitrate selective resins have been developed. Chapter 4 describes the applicability
of these resins in the combined ion exchange/biological denitrification process. Experiments
have been carried out with the resin Amberlite IRA 996. This resin offers the possibility to
treat also ground waters containing a very high sulfate concentration. As compared with
sulfate selective resins a longer regeneration duration is needed. However, the resin is
insensible to sulfate accumulation in the regeneration circuit: the nitrate capacity in the
service mode during nitrate removal from ground water is not affected by high sulfate
concentrations in the regenerant.

In conventional regeneration procedures of strong base anion exchange resins regeneration
solutions are used containing 10% salt. In the combined ion exchange/biological denitrifica-
tion process the concentration is restricted to 3% to avoid severe inhibition of the denitri-
fication reactor. This low concentration influences the required time and flow rate for
regeneration, The research into these relationships is described in chapter 4. The regenera-
tion flow rate has to be 10 bedvolumes/h while sulfate selective resins need a regeneration
time of approximately 3.5 h and nitrate selective resins a regeneration time of 6 h,

Despite the use of a sand filter in the regeneration circuit to avoid pollution of the resins
with sludge washed out of the denitrification reactor, some bacteriological contamination of
the resins cannot be avoided. Therefore, the ion exchange resins have to be disinfected
during rinsing after each regeneration cycle. The research done in this area is described in
chapters 5 and 6. Disinfection can be achieved by rinsing with (.075% peracetic acid during
the first 15 min of the rinse phase, or by rinsing with 0.20% hydrogen peroxide during the
first 45 min of the rinse phase, However, as peracetic acid decreases the capacity of the ion
exchange resins, only the latter possibility can be used in practice.

The process has been tested under different process conditions with a lab-scale pilot plant.
This research is described in chapters 7 and 8. The most important process variables studied
were the regenerant composition (NaCl or NaHCQ4), the ion exchange resin type (sulfate
selective or nitrate selective) and the ground water composition (low sulfate concentration
or high sulfate concentration). Even in the presence of a very high sulfate coacentration in
the ground water (180 mg SO42'/I} it was possible to remove nitrate from the ground water
by the combined process. However, the use of a nitrate selective resin is essential in that
situation. Once every 13-14 days the regenerant in the closed system had to be replaced
because it became poliuted by suspended material from the denitrification reactor. However,
as compared with conventional regeneration of ion exchange resins, this results in a reduc-
tion of 95% in brine volume. When the operation of the sand filter in the regeneration
circuit can be improved further this percentage will be even higher.

During the operation of the pilot plant a decrease of the volumetric capacity of the
denitrification reactor was observed as soon as it was connected with the ion exchange
columns. With the help of a computer model the cause of this decrease has been traced.
Fluctuating nitrate influent concentrations of the denitrification reactor resulted in nitrate
limitation. Several process configurations have been simulated to reduce this decrease. Espe-
cially the uvse of a buffer in the regeneration circuit appeared to be attractive to optimize
the regeneration process, This model study is described in chapter 9, In the model, ion ex-
change is schematized through selectivity coefficients and chemical equilibria, while the
denitrification process is described by zero order reaction Kinetics.

The overall results of this study illustrate clearly that the combined ion exchange/biological
denitrification process is an attractive alternative for nitrate removal from ground water. In
comparison with conventional ion exchange, regeneration salt requirement and brine pro-
duction are minimized. In contrast with biologicat denitrification no extensive post treatment
is required and the risk of nitrite production into the treated ground water is avoided.
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SAMENVATTING

Verontreiniging van grondwater met nitraat als gevolg van bemesting in de landbouw is een
probleem in vele Europese landen. Zowel dierlijke mest als kunstmest zorgen voor problemen.
Grondwater wordt vazk gebruikt voor de drinkwatervoorziening, en volgens een richtlijn van
de Europese Gemeenschappen bedraagt de maximaal toelaatbare concentratie van nitraat in
drinkwater 11.3 mg NO3"-N/I terwijl het richtniveau slechts 5.6 mg NO3™-N/I bedraagt.

Om drinkwater te distribueren dat aan deze norm voldoet zullen meerdere waterleidingbe-
drijven over moeten gaan tot nitraatverwijdering uit grondwater. Hiertoe zijn verschillende
biologische en fysisch-chemische technicken beschikbaar, maar alleen biologische denitrifi-
catie en ionenwisseling worden als toepasbaar gekenmerkt. Beide processen hebben echter
belangrijke nadelen. Biologische denityificatie brengt het bacteriologisch betrouwbare grond-
water in contact met micro-organismen, en in het geval van heterotrofe denitfrificatie ook
met de te doseren koolstofbron. Na de biologische denitrificatie is daarom een uitgebreide
nazuivering vereist om de kwaliteit van het water te kunnen waarborgen. Een tweede be-
langrijk nadeel is de vorming van nitriet, een tussenprodukt in het biologische denitrificatie-
proces. Tonenwisseling heeft als nadeel dat voor regeneratie van de harsen een grote hoe-
veelheid zout benodigd is, terwijl afvoer van de volumineuze, hoog geconcentreerde brijn
die ontstaat tijdens de regeneratie op problemen stuit.

Onderwerp van deze studie is het ontwikkelen van een nieuwe techniek, die bestaat uit een
combinatie van jonenwisseling en biologische denitrificatie. Door de combinatie worden de
nadelen van de afzonderlijke processen voorkomen. Nitraat wordt uit het grondwater verwij-
derd door ionenwisseling. Regeneratie van de harsen vindt plaats in een gesloten systeem,
waarin een upflow sludge blanket (UUSB) denitrificatiereactor is opgenomen. In deze reactor
zetten denitrificerende bacterién het nitraat, afkomstig van de ionenwisselaar, om in stik-
stofgas, zodat de regenerant niet hoeft te worden afgevoerd maar opnieuw gebruikt kan
worden. Voordelen van dit proces zijn, dat de regeneratie in een gesloten systeem wordt
uitgevoerd waardoor het regeneratie-zoutgebruik en brijnproduktic worden geminimaliseerd,
en dat het biologische proces niet in direct contact staat met het grondwater, waardoor
geen uitgebreide nazuivering vereist is. De maatregelen die nodig zijn om de bacteriologische
kwaliteit van het grondwater te garanderen kunnen in het regeneratiesysteern zelf worden
genomen.

In dit gecombineerde ionenwisseling/biclogische denitrificatie proces wordt in feite de rege-
nerant, die het nitraat bevat afkomstig van de ionenwisselaar, behandeld in de denitrifi-
catiereactor. Aangezien de concentraties van de zouten die gebruikt worden voor regenera-
tie, NaCl of NaHCOj3, hoog zijn in deze oplossing, is het van belang te weten wat de effec-
ten van deze hoge zoutconcentraties op de denitrificatie, met methanol als energie- en
koolstofbron, zijn. In hoofdstuk 2 wordt dit onderzoek beschreven. Gekeken is naar het
effect van hoge zoutconcentraties op de activiteit van denitrificerend slib, de slibopbrengst
en de methanol/nitraat verhouding. Concentraties tot 30 g NaCl/l of 30 g NaHCQ3/1 bleken
slechts een geringe invloed op de activiteit van deaitrificerend slib te hebben, In tegenstel-
ling tot NaCl bleek NaHCQO3 de slibopbrengst te verlagen en de methanol/nitraat verhouding
terug te brengen tot bijna de stoichiometrische waarde. Hoge NaHCOj concentraties gaven
ook aanleiding tot een geringere nitrietconcentratie in het denitrificatieproces. Aangezien in
het regeneratiesysteem de pH oploopt tot circa 8.8-9.2 ten gevolge van de denitrificatie met
methanol, is tevens het effect van een hoge pH cop de biclogische denitrificatie bestudeerd.
Denitrificatie tot een pH van 9.5 bleek zeer goed mogelijk.

De ionenwisselaars zullen naast nitraat ook sulfaat uit het grondwater verwijderen. Tijdens
de regeneratie komt dit zeer gemakkelijk van de ionenwisselaars af, waardoor sulfaat zich
zal ophopen in het regeneratiecircuit tot concentraties van 5 g S04<7/l. In hoofdstuk 3
wordt ingegaan op het optreden van sulfaatreductie in een denitrificatiereactor in aanwezig-
heid van deze hoge sulfaatconcentraties. Onder normale bedrijfsomstandigheden en met
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methanol als energie- en koolstofbron voor de denitrificerende bacterién is sulfaatreductie
vitgesloten in het gesloten regeneratiesysteem,

Recent zijn nitraatselectieve ionenwisselaars ontwikkeld. De toepassingsmogelijkheid van deze
ionenwisselaars in het gecombineerde ionenwisseling/biologische denitrificatie proces is
beschreven in hoofdstuk 4. De benodigde experimenten zijn uitgevoerd met behulp van de
hars Amberlite IRA 996. Deze ionenwisselaar biedt de mogelijkheid om ook grondwater te
behandelen dat een hoog sulfaatgehalte bevat. Vergeleken met sulfaatselectieve ionenwis-
selaars is wel een icts langere regeneratieduur vereist, De hars is echter ongevoelig voor
sulfaataccumulatie in het regeneratiecircuit: de nitraatcapaciteit tijdens het gebruik van de
ionenwisselaar voor nitraatverwijdering uit grondwater wordt hierdoor niet beinvloed.

In conventionele regeneratiesystemen voor sterk basische anionenwisselaars worden rege-
neratie-oplossingen gebruikt met zoutconcentraties van 10%. In het gecombineerde ionenwis-
seling/biologische denitrificatie proces wordt de concentratie van de regenerant beperkt tot
3% om inhibitie van de denitrificatiereactor te voorkemen. Deze lage concentraties beinvioe-
den de benodigde tijd en het benodigde debiet om de ionenwisselaars te kunnen regenereren.
Onderzoek naar deze relaties wordt beschreven in hoofdstuk 4. Een regeneratiedebiet van 10
bedvolumes/h is noodzakelijk, terwijl voor sulfaatselectieve ionenwisselaars een regeneratie-
tijd nodig is van circa 3+ uur en voor nitraatselectieve ionenwisselaars een regeneratietijd
van circa 6 uur.

Ondanks het gebruik van een zandfilter in het regeneratiecircuit, met als doel vervuiling
van de hars met slib uvitgespoeld uit de denitrificatiereactor te voorkomen, is een bacteriolo-
gische verontreiniging van de hars niet t¢ vermijden. Daarom moeten de ionenwisselaars in
de spoelfase na iedere regeneratie gedesinfecteerd worden, Onderzoek hiernaar wordt be-
schreven in hoofdstuk 5 en 6. Desinfectie kan worden bereikt door te spoelen met 0,075%
perazijnzuur gedurende de eerste 15 minuten van de spoelfase of door te spoelen met 0,20%
waterstof peroxide gedurende de eerste 45 minuten van de spoelfase. Perazijnzuur tast echter
de capaciteit van de ionenwisselaars aan, zodat in de praktijk alleen de tweede mogelijkheid
kan worden toegepast.

Met behulp van een proefinstallatie op laboratoriumschaal is het proces onder verschiliende
condities bedreven. Dit onderzoek wordt beschreven in hoofdstuk 7 en 8. De belangrijkste
procesvariabelen die werden onderzocht zijn de regenerant-samenstelling (NaCl of NaHCO3),
het type ionenwisselaar (sulfaatselectief of nitraatselectief) en de grondwater-samenstelling
(laag sulfaatgehalte of hoog sulfaatgehalte). Zelfs in aanwezigheid van een extreem hoge
sulfaatconcentratie in het grondwater (180 mg 8042'/1) bleek het proces in staat nitraat uit
het grondwater te verwijderen. In deze situatie is echter wel het gebruik van een nitraat-
selectieve ionenwisselaar noodzakelijk. Eénmaal per 13-14 dagen werd de regenerant in het
gesloten systeem ververst omdat deze sterk vervuilde door gesuspendeerd materiaal uit de
denitrificatiereactor. Vergeleken met conventionele regeneratie van tonenwisselaars resulteert
dit echter in een reductie van 95% in brijnproduktie. Dit percentage kan in principe nog
worden verhoogd door de bedrijfsvoering van het zandfilter in het regeneratiecircuit te
verbeteren.

Gedurende de bedrijfsvoering van de proefinstallatie werd een daling van de volumetrische
capaciteit van de denitrificatiereactor waargenomen zodra deze in het proces werd gekoppeld
aan de ionenwisselaars. Met behulp van een computermodel is de oorzaak van deze capaci-
teitsdaling achterhaald. Wisselende nitraat influentconcentraties van de denitrificatiereactor
resulteerden in nitraat-limitatie. Verschillende oplossingen zijn doorgerekend waarmee de
capaciteitsdaling kan worden beperkt. Met name het gebruik van een buffervat in het rege-
neratiesysteem bleek aantrekkelijk te zijn om het regeneratieproces te optimaliseren. Deze
modelstudie wordt beschreven in hoofdstuk 9. In het model worden de ionenwisselaars ge-
schematiseerd met behulp van chemische evenwichten en selectiviteitscoéfficiénten, terwijl
het denitrificatieproces wordt beschreven met behulp van een 0%-orde reactiekinetiek.

Uit de resultaten van dit proefschrift blijkt dat het gecombineerde ionenwisseling/biologische
denitrificatie proces een goed alternatief is voor nitraatverwijdering uit grondwater. Verge-
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leken met conventionele ionenwisselingsprocessen is het regeneratiezoutgebruik beperkt en
treedt er geen produktie van een volumineuze afvalbrijn op tijdens de regeneratie. In tegen-
stelling tot biologische denitrificatie is er geen uitgebreide nazuivering vereist en ontbreekt
het risico van nitrietvorming in het behandelde grondwater.
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