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Ghaly, A.E., Ramkumar, D.R., Sadaks, S.S. and Rochon, J,D. 2000.
Effect of reseeding and pH control on the performance of a two
stage mesophilic anaerobic digester operating on acid cheese
whey. Can. Agric. Eng. 42:173-183. The effects of reseeding and
using sodium bicarbonate to control the pH of the second chamber of
a two-stage, 150 L anaerobic digester, operating on acid cheese whey
on the quality and quantity of biogas, and the pollution potential
reduction were investigated. The digester was operated at a tempera
ture of35°C and a hydraulic retention time of 15 days under three con
ditions (no pH control, pH control with no reseeding, and pH control
with reseeding). The results indicated that operating the digester with
out pH control resulted in a low pH (3.3) which inhibited the methan
ogenic bacteria. The inhibition was irreversible and the digester did
not recover (no methane production) when the pH was restored to 7.0
(without reseeding). When the system was reseeded and the pH was
controlled, the biogas production was 1.63 m3m'3 d·1 and the methane
content was 52.0%. Reductions of 55.0, 79.0, 58.6, 65.2, and 27.1 %
in the total solids, volatile solids, chemical oxygen demand, soluble
chemical oxygen demand, and total Kjeldahl nitrogen were obtained,
respectively. The ammonium nitrogen and the fixed solids increased
by 27.6 and 162.7 %, respectively. The addition of base resulted in a
total alkalinity of8230 mgIL as CaC03. Keywords: acid cheese whey,
anaerobic digestion, biogas, methanogenic stage, pH control, pollution
potential, reseeding, sodium bicarbonate, two-stage digester.

Les effets de la reinocilation et de I' utilisation de bicarbonate de
soude sur la qualite et la quantite des biogaz et la reduction de la
charge polluante ont ete etudies. Le bicarbonate de soude servait a
contrOier Ie pH dans la seconde chambre d'un digesteur anaerobie de
150 L fonctionnant avec du lactoserum. Trois conditions de fonction
nement du biodigesteur ont comparees ete chacun furent faits avec Ie
digesteur (sans contrOie du pH, controle du pH sans reinoculation,
contrOie du pH et reinoculation) a une temperature de 35°C et un
temps de retention de 15 jours. Les resultats des essais ont montre que
lorsque Ie digesteur fonctionnait sans que Ie pH ne soit controle, Ie pH
resultant etait faible (3.3), ce qui avait poureffet d'inhiber I'action des
bacteries methanogenes. Cette inhibition des bacteries etait irreversible
puisqu'il ne fut pas possible de retablir la production de methane sans
reinoculer Ie digesteur, meme apres avoir ramene Ie pH a7.0. Apres
que Ie systeme ait ete reinocule et Ie pH contrOle, la production de
biogaz reprit, et atteint 1.63 m3m·3j"1. La teneur en methane du biogaz
etait de 52.0%. Les charges de solides totaux, de solides volatiles, de
demande chimique en oxygene, de demande chimique en oxygene
pour les solies dissous et d'azote Kjeldhal obtenues ont ete reduites
par 55.0, 79.0, 58.6, 65.2 et 27.1% respectivement. L'azote
ammoniacal et les solides stabilises ont ete augmente par 27.6 et
162.7% respectivement. L'alcalinite totale des produits de digestion
s'elerait a8230 mgIL exprimee sur une base de CaCO).

INTRODUCTION

Whey is the liquid byproduct from the cheese manufacturing
process. In 1997, the total world cheese production was about
15.5 million tonnes which resulted in an estimated 137.9 million
tonnes of whey (FAO 1998). Cheese whey disposaVutilization
has become a major concern for cheese producers in recent
years due to the larger amounts of whey generated and the more
stringent legislative requirements for effluent quality (Mawson
1994).

Although there is not a single utilisation process that can
provide a complete solution to the whey disposal problem,
anaerobic digestion ofcheese whey offers essentially a two-fold
benefit: energy production and pollution potential reduction.
The process has been successfully used for treating many wastes
including: animal manures, crop residues, sewage sludge,
industrial wastes, and food processing wastes. The generation
of biogas from whey could be used to reduce the consumption
of traditional fuels used for process thermal energy generation
in a cheese plant (Malaspina et at 1996).

During anaerobic digestion, organic matter in the waste is
used as food by microorganisms to produce a mixture of gases
(CH4, CO2, H2S, N2) and more microbial cells, thus reducing the
environmental pollution potential of the waste. The process is
brought about by a consortium of interdependent and symbiotic
populations of heterotrophic microorganisms which are capable
of utilizing elements and compounds from a diverse spectrum
of sustrates for the synthesis of new cellular materials as shown
in Fig. 1 (Ghaly and Echiegu 1993). A three-stage scheme is
usually used to describe anaerobic digestion of liquid waste:
liquefaction (orhydrolysis), acidogenesis, and methanogensis.
In the liquefaction stage, extracellular enzymes are produced by
microorganisms present in the system to break down the
complex organic compounds into simple, soluble compounds.
In the second stage, the acid forming bacteria convert the simple
organic compounds, such as cellobiose and sugars, into volatile
acids. Then, a third group of microbes (methanogens) convert
the acids to methane and carbon dioxide.
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Fig. 1. A scheme for breakdown of organic compounds.

Under anaerobic conditions, the lactose in whey (about 70%
of the cheese whey solids) is easily broken down to short-chain,
volatile organic acids. Since whey has little or no buffering
capacity (due to the absence of the liquefaction step), the pH
drops drastically resulting in digester failure.

The objectives of this study were: (1) to observe the effect
of reseeding a failing two-stage mesophilic digester utilizing
whey on its recovery and performance, and (2) to investigate
the effect of using sodium bicarbonate (NaHC03) for
controlling the pH in the second chamber of the digester on
biogas productivity and composition and pollution potential
reduction.

EXPER~NTALAPPARATUS

The experimental apparatus shown in Fig. 2 consisted of: (a) a
two-stage, mesophilic anaerobic digester, (b) a cheese whey
feeding system, (c) a temperature controlled chamber, (d) a pH
measurement and control system, (e) a gas clean-up and
measurement system, (t) a liquid sampler, and (g) a data
acquisition system.

Two stage anaerobic digester

The 150 L two-stage anaerobic digester consisted of two
chambers, each was constructed from 16 gauge (2 mm) stainless
steel cylinders with funnel-shaped bottom. Each chamber had
an internal diameter of 305 mm and a height of 1140 mm. A
funnel-shaped bottom of 165 mm height was connected to a
stem of 150 mm length and 100 mm internal diameter. A tube
with a slide valve was connected to each stem and used for the
removal of the sludge from the bottom of the chamber.

174

Waxes.
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Two circular plexiglas plates, of 12 mm thickness and 360
mm diameter, were used to cover the two chambers. Each lid
was secured in place using eight stainless steel bolts affixed into
lugs welded onto the outside of the cylinder. A 5 mm thick
neoprene ring gasket, coated with silicone grease, was used to
ensure a gas-tight fit between the plexiglas lid and the steel
cylinder. The lid of the first chamber had three holes to
accommodate a pH probe, a temperature sensor, and a gas
outlet. The lid of the second chamber had six holes to
accommodate two pH probes, a temperature sensor, a base
addition port, a gas outlet, and a shaft for the mixing motor.
More details of the inlet, outlet, and the solid particles trapping
system are presented in Fig. 3.

Cheese whey feeding system

The cheese whey feeding system consisted of: (a) a feeding tank
to store the cheese whey, (b) a mixing device to stir the contents
of the tank, and (c) a pump to transfer the whey from the
feeding tank to the digester. The feeding tank (103.4 L) was
fabricated from a plexiglas cylinder of 450 mm diameter and
650 mm height. Two vertical baffles were attached to the inside
wall of the tank. A mixing system, consisting of an electric
motor (Model NS 1-1OR93, Bodine Electric Company, Chicago,
IL), connected to a shaft with a two-blade impeller, was used to
mix the feed material. The motor was fixed onto the cover of the
feeding tank at the centre. A hole (60 mm in diameter) located
on the cover was used to fill the feed tank. A 25 mm valve
located on the side of the tank, at 20 mm from the bottom, was
connected to the feeding pump (Model 11 0-030, TAT
Engineering Company, North Branford, CT) which was used to
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Fig. 2. The experimental apparatus.

transfer the whey from the tank to the digester. The pump had
a capacity of 138 mL per revolution at 2 rpm (276 mL/min).
Polyethylene (tygon) tubing, with internal diameter of 25 mm,
was used to connect the pump to the feeding tank and to the
inlet of the digester. The feeding time and the time required for
mixing were controlled by the computer.

Temperature controlled chamber
The temperature controlled chamber (1830 mm height, 920 mm
width, 550 mm depth) was constructed from 20 mm thick
plywood sheets. It had a double door and a removable cover and
was insulated with 40 mm thick styrofoam with an R-value
(thermal resistance) of 0.88 m2 °C W- I

• An L-shaped galvanized
steel duct of 100 mm internal diameter was located at the back
of the chamber. A fan, a heat exchanger, and 2 strip heaters
(Vulcan Electric Company, Kezar Falls, MA) were located
inside the vertical arm of the L-shaped duct, in that order. The
air circulation was a closed loop system. The fan drew air from
the chamber into the duct. The air was then circulated over the
heat exchanger and the heaters, in order to be conditioned, and
finally left the duct through perforations on the other section of
the L-shaped duct (located on the floor of the chamber) to bathe
the two-stage digester which was positioned above the
perforated duct. A thermally protected type fan (Model

4C443A, Dayton Electric Mfg. Co., Chicago, IL) was used. The
capacities of the 2 heaters were 750 W each. The heat
exchanger was made from coiled copper tubing. A digital rapid
cool refrigerated bath (Series 900, Polyscience, Niles, IL), with
an operating temperature range of -35 to 150°C and an accuracy
of ± 0.02°C, was used. The refrigeration unit had a maximum
cooling capacity of 425 W at 20°C or 225 W at -10°C, and a
bath capacity of 13 L. It can deliver a maximum flow of 15
Umin at zero head. Inside the chiller was immersed a
submersible pump (Model 1-MA I, Little Giant, Oklahoma City,
OK) which delivered chilled water to the heat exchanger. The
pump had a rated capacity of 10.72 Umin at 0.3 m, a maximum
pumping height of 1.85 m, and a power consumption of 373 W.
The temperature within the chamber was monitored by 3
thermocouples and maintained at 35°C. Two thermocouples
were used to measure the digester temperature (one in each
digester chamber). The temperatures were checked, controlled,
and recorded by the computer.

pH measurement and control system
The pH of each chamber was monitored by pH electrodes
(double junction, blue glass, industrial probe, Cat No. 5773769
0108, Cole-Parmer, Chicago, IL). No adjustment was made for
the pH in the feeding tank or the first chamber whereas the pH
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Fig.3. The two-stage anaerobic digester.

in the second chamber was adjusted to the setpoint of 7.0 by the
addition of 1.25 N (105 gIL) sodium bicarbonate solution with
the aid ofa peristaltic pump (Model No. 7543-02, Cole-Parmer,
Chicago, IL) having a speed of 2 rpm and a capacity of 5.0
mUmin. The computer recorded the amount of base added.

Gas cleanup and measurement system

The biogas generated in each chamber exitted via a tube
attached to the top of that chamber. The gas tube was connected
to one end of a gas sampling port made from a 19 mm PVC
pipe. The other end of the sampling port was co~ered with a
rubber septum. A side arm connected to the samplIng port was
attached to a water column whose height was adjusted so that
the working capacity of the digester was fixed at 150 L. After
the gas bubbled through the water column, it then passed
through a hydrogen sulphide scrubber made of coarse steel
wool enclosed in a plexiglas cylinder. The volume of scrubbed
gas ofeach chamber was then measure~ br a specialty d~si~ed

gas meter. The meter is based on the tlppmg balance.pnn~lple,
where each tip of the meter corresponded to an electrical sIgnal
which was recorded by the data acquisition system and
converted to a count. Each tip of the gas meter corresponded to
a gas volume of 50 ± 2 mL. The gas was temporarily stored in
an inflatable bag made from a light plastic material.

Liquid sampler

Samples were taken from each of the chamber by means of a
two-headed peristaltic pump (Model No. 7567-70, Cole-Parmer,
Chicago, IL) connected to a Masterflex solid stat~ speed
controller (Cole-Parmer, Chicago, IL) located outSIde the
temperature controlled environmental chamber. The samples
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were drawn through 450 mm length stainless steel tubes (6 mm
ID) fixed in the cover of each chamber of the digester. The
tubes were connected to the pump with norprene tubing (6 mm
ID).

Data acquisition system

The data acquisition system consisted of two parts: a personal
computer (Tandy 1000) and a da~log.ger (OM 7~0, Omega
Engineering Inc., Stanford, CN) which mterfaced WIth the real
signals of temperature, pH, gas, and base addition
measurements. The five temperature sensors were attached to
five temperature transducers (connected to five channels of the
datalogger) and were used to measure, control, and record the
temperature. At a prescribed time interval (30 min), the pH of
the fIrst chamber of the digester was recorded whereas the pH
of the second chamber was measured, compared with the set
point of 7.0, corrected by the addition of NaHC03 solution, if it
were less than 6.9, and the amount of NaHC03 added was
recorded. The mixer in the second chamber was turned on
during the base addition to ensure the dispersion of the ,~~s~;

Electric counters were used to record the number of tIpS
registered by each gas meter and the computer calculated the
volume of gas by multiplying the number of "tips" by 50 mL. A
computer software program was written in OMEGABASIC and
used to control the system and record the data.

EXPE~NTALPROCEDURE

Cheese whey collection and storage

The raw cheese whey was obtained from the Farmer's
Cooperative Dairy Plant in Truro and stored in 50 L plastic
containers. These containers were transported and stored at 
25°C in the cold storage facilities of the Associated Freezers of
Canada, Dartmouth, NS. When needed, each container was
removed from the freezer and allowed to thaw at room
temperature for a period of 48 h. Some characteristics of the
cheese whey used in the study are presented in Table I.

Digester startup and operation

The seed material was collected from an anaerobic digester
operating on municipal wastewater in Timberlea, NS and
transported in air-tight containers. A fresh set of seed was used
for each experiment (that required reseeding). Both chambers of
the digester were seeded with 40 L of actively digesting sludge
along with 25 L ofcheese whey. The pH of the second chamber
was adjusted to 7.0 (for the experiment with pH control).
Cheese whey was intermittently added until a full capacity was
obtained. After a week, whey was added at a loading rate of
9.7 Ud (equivalent to 15 d HRT) until the steady state condition
was achieved. The parameters used as indicators to determine
whether the steady state condition was achieved were: (a) the
pH of the first chamber, (b) the daily biogas production, and (c)
the total solids in the effluent. Once the measured values of
these parameters were constant over 5 consecutive days, the
steady state condition was considered attained. The performance
of the digester was then evaluated over a further 20 d after the
steady state condition was attained.

Sampling and analyses

Samples were collected daily and the total alkalinity, solids,
chemical oxygen demand, potassium, sulphur, and phosphorus
analyses were carried out in accordance with the procedures
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Table I. Some characteristics of the raw cheese whey used
in the study.

Day
5040

-- chamber 1
- chamber2
- set point temperature

302010
30+----.....---......----....,.---........-----.

o

40

~ 36
::J

N
~34
E
t! 32

38
6
o-

Fig. 4. The daily temperature measurements for a typical
run (no pH control).

steady state condition was considered attained. The results
obtained from this study showed that at the steady state, the
coefficient of variation for pH, COD, and biogas were in the
ranges of 1.6-3.0, 0.7-2.1, and 3.2-5.7 %, respectively. A
minimum operation time of at least 21 d was necessary to reach
the steady state condition. Similar results were reported by Fox
et al. (1992) and Ghaly and Pyke (1991) for digesters operating
on cheese whey at 15 d HRT and by Ghaly and Echiegu (1993)
for digesters operating on dairy manure at HRT varying from 5
to 20 d.

67,070

6,650

60,420

44,670

6,090

38,580

22,400

650

21,750

74,750

61,200

1,550

290

50,000

470

1620

150

4.9

Measured value·Characteristics

Sulphur

pH

Total solids

Total fixed solids

Total volatile solids

Total dissolved solids

Fixed dissolved solids

Volatile dissolved solids

Total suspended solids

Fixed suspended solids

Volatile suspended solids

Total chemical oxygen demand

Soluble chemical oxygen demand

Total Kjeldahl nitrogen

Ammonium nitrogen

Lactose

Soluble phosphorus

Potassium

* All units are mgIL except for pH

described in the Standard Methods for the Examination of
Water and Wastewater (APHA 1989). Both the ammonium
nitrogen and the total Kjeldahl nitrogen were determined using
a KJELTECH AUTO ANALYSER (Model 1030, Cat. No.
1030-002, Tecator AB, Hoganas, Sweden). The Organic
Volatile Acids were determined using a HP 5890 Series II Gas
Chromatograph (Hewlett Packard, Atlanta, GA). A megabore
capillary column (5 % diphenyl siloxane; dimensions - 25 m X
0.2 mm, 0.33 film thickness) was used to separate, identify, and
quantify the various volatile acids. The lactose content of the
raw cheese whey was determined using a YSI industrial sugar
analyser (Model 27, Cat. No. 14-660, Yellow Spring
Instrument, Montreal, QC). The gaseous constituents of the
biogas were determined using a packed column (Poropak Q 
3.2 mm X 152.4 mm stainless steel) on the HP 5890 Series II
Gas Chromatograph.

RESULTS and DISCUSSION

Three experiments were carried out to study the effects of
controlling the pH (using 1.25 N sodium bicarbonate) and
reseeding of the second chamber (methanogenesis) of a two
stage anaerobic digester on the reactor performance. The first
experiment was conducted with no pH control to observe and
assess failure of the digester. The second experiment was
conducted with pH control and no reseeding, whereas the third
experiment was conducted with pH control and reseeding, both
to assess the recovery of the digester.

Steady state

Once the measured values of the pH, total solids and daily
biogas production were constant over 5 consecutive days, the

Temperature

The temperature control system performed credibly, ensuring
that the contents of the digester were maintained at 35 ± 2°C
during all experiments. A typical daily temperature
measurement profile for the digester is shown in Fig. 4. The
mean temperature was 35.3 and 35.5°C, with standard
deviations of 0.9 and 0.8°C, for chambers I and 2, respectively.
The slight increase in the temperature in chamber 2 could be
due to mixing which took place during the addition of sodium
bicarbonate.

pH

The pH of the raw cheese whey was 4.9 which increased to 5.6
with the addition of the seed material. Figure 5 shows the daily
pH measurements for chambers I and 2. For the experiment
with no pH control, the pH decreased with time reaching 3.3 in
both chambers after 33 d and then remained constant till the end
of the experiment. Because lactose was easily broken down by
the acid-forming bacteria and cheese whey did not have any
buffering capacity, the rapid formation of volatile acids reduced
the pH, thus resulting in complete digester failure. However,
when the 1.25 N sodium bicarbonate was added to chamber 2
and reseeding was not provided in the second experiment, the
pH of chamber 2 increased with time reaching an average value
of 7.0 ± 0.5 after 12 d and then remained constant till the end of
the experiment, whereas the pH of chamber 1 increased slightly
reaching an average value of 4.3 ± 0.3 after II d. But, when
chamber 2 was reseeded, the pH of chamber 2 remained at an
average value of 7.0 ± 0.1 until the end of the experiment,
whereas the pH of chamber 1 remained at an average value of
4.6 ± 0.3 (which is slightly higher than that of the experiment
without reseeding). The slight increase in the pH values of
chamber 1 (with and without reseeding) may be due to the
migration of NaHC03 from chamber 2 into chamber 1.
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Fig. 5. Daily pH measurements.

Kisaalita et al. (1989) and Yu and Pinder (1993)
recommended a pH of around 4.5 for the acid phase whereas
Elefsiniotis and Oldham (1994) considered a pH of between 5.0
and 5.3 as the optimum. In this study, the pH of the acid phase
in the experiments with no pH control (3.3) and with pH control
and no reseeding (4.3) was below the optimum range whereas
the pH of the acid phase in the experiment with pH control and
reseeding (4.6) was within the optimum range of 4.5-5.0. The
amount of 1.25 N sodium bicarbonate added to chamber 2 to
maintain the pH around 7 was 2630 and 2420 mL/d (35.0 and
32.3 L mo3 dol) for the experiment with no reseeding and
reseeding, respectively. Thus, about 250 g of sodium
bicarbonate were required per day (Le. 3.33 kg NaHC03mo3 dOl)
to maintain the pH of chamber 2 at 7.0. This is equivalent to 3
L of 15 N NaHC03mo3 dol.

Alkalinity
The total alkalinity of an anaerobic digester is a measure of its
ability to neutralize excess organic acids and maintain constant
pH. For an operational digester, a total alkalinity of 2500 - 5000
mYL as CaC03 is recommended (Murray 1970; Fox et al.
1992). Because the total alkalinity is the sum of all titratable
bases, it varies significantly with the pH endpoint used. The pH
values of chamber 1 for all three experiments and the pH values
of chamber 2 for the experiment without pH control were below
(or close to) 4.5 and, thus, the total alkalinity was zero under
these conditions. According to McCarty (1964) and Grady and
Lim (1980), the use of sodium bicarbonate to control the pH
may result in toxic effects that will inhibit the microorganisms
if the concentration is above 8000 ppm of sodium. In this study,
Although the average total alkalinity values of 8030 and 8230
mg CaC031L observed in this study were much higher than

Table II. The volatile fatty acid concentration* at the steady state condition.

Run Chamber
Acetic Propionic i-butyric Butyric i-valerie Valerie Caproic Heptanoic TOTAL
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mglL) (mgIL) (mg/L)

Volatile fatty acids

1 1100 90 NO 20 NO 240 100 60 1620
2 1350 130 NO 30 NO 260 150 80 2000

2 I 1100 90 NO 490 NO" 360 730 60 2830
2 1730 440 170 2600 180 540 2340 140 8140

3 1 1320 1380 90 1440 50 1640 1100 130 7150

2 3780 2530 180 2540 220 2020 1850 620 13740

Raw cheese whey 310 20 NO NO NO 290 NO NO 620

Volatile fatty acids as acetic acid

1 1100 70 ND 20 ND 140 50 30 1420

2 1350 100 NO 20 ND 150 80 40 1740

2 I 1100 70 NO 340 NO 210 380 30 2130

2 1730 360 120 1770 110 320 1210 60 5680

3 I 1320 1120 60 990 30 970 570 60 5120

2 3780 2050 120 1730 130 1190 960 290 10250

Raw cheese whey 310 20 NO NO NO 170 NO NO 500

* values are the average of 6 measurements (coefficient of variation ranged from 0.7 % to 3.4 %)
NO not detected
Run 1 no pH control
Run 2 pH control by NaHC03 with no reseeding
Run 3 pH control by NaHC03 with reseeding
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Hence, for lactose (CI2H22011)' the proportion of methane and
carbon dioxide are calculated as:

(1)

(2)

504030

-0- no pH control
-0- pH control no reseeding
-- pH control and reseeding

-0- no pH control
-0- pH control no reseeding
-- pH control and reseeding
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Fig. 6. Daily biogas production.
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Thus, I mole of lactose produces 6 moles of methane and 6
moles of carbon dioxide. Since I mole occupies 22.2 Iitres at
room temperature (25°C), the volumes of methane and carbon
dioxide produced when 1 mole of lactose (whose molecular
weight is 342 g) is completely broken down to gaseous products
is 268.8 L. In other words, 0.786 L of gas is produced when Ig
of lactose is consumed. In this study, the flow rate was 10 LId
(or 500 g lactose/d) giving a theoretical yield of 196.5 Ud
methane or a total gas production of 393.0 LId.

For the experiment without pH control, the average total gas
production at the steady state was 17.9 LId (0.11 L L,I dOl)
giving a gas yield of only 4.6% of the theoretical value. For a
two-stage reactor, the objective is to separate the acidogens
from the methanogens. Thus, the products of the first chamber
should be volatile acids and invariably some carbon dioxide
(with little or no methane) whereas in the second chamber,
methane and carbon dioxide should be produced. The results
obtained in this study suggests that both chambers of the two-

those of 3500 - 3750 mg/L reported by Murray (1970) and of
3500 - 4500 mgjL reported by Fox et al. (1992), there was no
apparent sign of inhibition by the sodium ion in the experiment
with reseeding as shown by methane production and COD
reduction.

Volatile organic acids

The raw chee~e whey contained 310 mg/L acetic acid, 120
mgjL propionic acid, 100 mgjL i-butyric acid, and 290 mg/L
valeric acid giving a total volatile acids (TVA) concentration of
620 mgjL. During anaerobic breakdown of organic matter, the
end products of acidogenesis are volatile fatty acids. Eight
volatile fatty acids were identified and quantified during the
steady state operation (acetic, propionic, i-butyric, n-butyric, i
valeric, n-valeric, i-caproic and heptanoic) of which acetic acid
was the predominant volatile acid (Table II). Generally,
controlling the pH and/or reseeding decreased the concentration
of organic acids in both chambers but chamber I continued to
have a higher concentration of volatile acids than chamber 2.

According to Cobb and Hill (1991) and Mawson (1994), a
low TVA concentration indicates stable digester conditions
while a high TVA concentration is associated with digester
failure. Hill et al. (1987) stated that for a digester that is healthy
and well balanced, the concentration of TVA is usually less
than 1000 mgjL. The TVA concentrations in the methanogenic
phase for the experiments with no pH control and no reseeding
and with pH control and no reseeding were above 1000 mgjL
(8300 and 2540 mg/L, respectively) which confirms these
findings. However, the TVA concentration in the methanogenic
phase for the experiment with pH control and reseeding was
1640 mgjL but no signs of inhibition were observed, based on
biogas production, COD, and solids removal. High
concentrations of TVA of 2700, 11 000 and 20 000 mgjL have
been reported for cheese whey digestion by Yang et al. (1982),
Backus et al. (1988), and Fox et al. (1992) in digesters
operating on cheese whey, respectively. These authors also
found no significant acid inhibition based on COD removal and
methane production. Grady and Lim (1980) stated that little
inhibition by volatile acids will occur in anaerobic digesters
even at neutral pH (7.0) because the concentration of the
undissociated acids is a function of both the concentration of
acid and the pH. In acidic media, microorganisms maintain a
neutral pH inside the cells by keeping the H+ ions from entering
the cell or expelling the H+ ions as rapidly as they enter the cell,
but non-ionized forms of most organic compounds can
penetrate the cell and cause damage to the DNA even under
neutral pH conditions. The severity of the damage is more
significant at a lower pH (Parkin and Owens 1986).

Biogas production

Figure 6 shows the daily biogas production for chambers I and
2. Generally, biogas production in chamber 1 was much lower
than that in chamber 2, except for the experiment with no pH
control. The recorded biogas production was 8.1,15.9 and 19.6
Ud in chamber I and 9.0, 56.0 and 226.0 Ud in chamber 2 for
the experiments with no pH control, pH control and no
reseeding, and pH control and reseeding, respectively.

In anaerobic digestion of cheese whey, the main organic
constituent is broken down to gaseous products (methane and
carbon dioxide). Theoretically, the proportions of these
products can be calculated from Buswell's formula (Meynell
1978):
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Fig. 7. Methane content of the biogas.
Fig. 8. Daily solids concentration.

stage digester (with no pH control) were perfonning as acid
producing reactors, as indicated by the low gas production.

For the experiment with pH control and no reseeding, the
average total gas production at the steady state was 71.9 Ud
(0.47 L L- I dol) giving a gas yield of 18.3% of the theoretical
value. With the introduction of new seed while controlling pH,
the average total gas production at the steady state increased to
245.6 Ud (1.63 L L- I dOl) giving a gas yield of 62.5% of the
theoretical value. It is expected that some of the carbon dioxide
produced would be absorbed by the medium and tied up in the
major chemical equilibrium system (i.e. carbon dioxide 
bicarbonate system) and, as a result, the calculated gas yield
value may be lower than the theoretical predictions. The
increase in gas production is attributed to increased microbial
activity as a result of reseeding and pH control.

Methane content

Figure 7 shows the methane content for chambers I and 2. The
initial methane content of the gas obtained from chamber I for
the experiment with no pH control was around 6.3% which then
declined with time to 0.6% after 25 d from the start. During the
steady state condition, the methane content of the gas produced
for chamber 1 was negligible « 0.5%) for the experiment with
pH control and no reseeding and 3.65% for the experiment with
pH control and reseeding. The results confinn that a complete
acid phase was taking place in chamber 1 with complete
inhibition of the mathanogenic bacteria.

In chamber 2, however, the initial methane concentration in
the gas produced in the experiment with no pH control was

31.5% which then declined with time reaching 0.7% after 43 d
from the start. The methane content of the gas obtained from
chamber 2 was between zero and 0.5% during the entire
experiment with pH control and no reseeding and 52.0% during
the steady state for the experiment with pH control and
reseeding which was reached after about 10 d from the start.
The methane content of the gas produced in this study is higher
than those found in the literature (Clanton et al. 1985; Backus
et al. 1988; Fox et al. 1992; Van et al. 1989).

Solids

The concentrations of total and fixed solids are shown in Fig. 8
whereas the average solid concentrations obtained during the
steady state operation are shown in Table III. For the
experiment with no pH control, the total solids in both chambers
decreased with time and then levelled off after about 15 and 20
d from the start for chambers 1 and 2, respectively. Generally,
chamber 2 had a slightly lower total solids content (42 950
mgIL) than chamber 1 (44 070 mglL). With pH control, the
actual values of the total solids found at the steady state
condition for chambers 1 and 2 were 43 950 and 42 010 mgIL
for the experiment with no reseeding and 43 020 and 30 170
mgIL for the run with reseeding, respectively.

The fixed solids found in both chambers during the
experiment with no pH control decreased slightly with time and
then levelled off after 35 d. On the other hand, the fixed solids
for chambers 1 and 2 increased with time for the experiment
with pH control. At the steady state condition, chambers I and
2 had fixed solids content of 7290 and 17 660 mgIL for the
experiment with no reseeding and 7590 and 12470 mgIL for the
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Table In. The solids measurements* at the steady state operation.

Effluent solid concentration Solids reductions
Run Chamber Total Fixed Volatile Total Fixed Volatile

(mgIL) (mgIL) (mgIL) (mglL) (%) (mgIL) (%) (mgIL) (%)

44070 6640 37430 23000 (34.3) 10 (0.2) 22990 (38.1)

2 42950 6640 36310 24120 (36.0) 10 (0.2) 24110 (39.9)

2 43950 10290 33660 23120 (34.5) -3640 (-54.7) 26760 (44.3)

2 42010 22660 19350 25060 (37.4) -16010 (-240.8) 41070 (68.0)

3 43020 11590 31430 24050 (35.9) -4940 (-74.3) 28990 (48.0)

2 40170 22470 17700 26900 (40.1) -15820 (-237.9) 42720 (70.7)

* average of 10 measurements with coefficient of variation ranging from 0.9 to 13.4 %.
Run I no pH control
Run 2 pH control by NaHC03 with no reseeding
Run 3 pH control by NaHC03 with reseeding
Cheese whey Total Solids =67070 mglL
Cheese whey Fixed Solids =6650 mgIL
Cheese whey Volatile Solids =60420 mgIL.

run with reseeding, respectively. The increase in the fixed solids
in chamber 2 were 65.6% and 62.7% for the experiments with
pH control and no seeding and pH control and seeding,
respectively. The slight increase in the fixed solids observed in
chamber 1 (9.6% for no reseeding and 14.1% for reseeding)
could be due to the migration of chemicals from chamber 2 to
chamber 1.

The volatile solids were calculated by subtracting the fixed
solids from the total solids. For the experiment with no pH
control, chamber 2 had a slightly lower total volatile solids
content (36 210 mg/L) than chamber 1 (37730 mg/L). With pH
control, the total volatile solids at the steady state condition in
chambers 1 and 2 were 36 660 and 24 350 mg/L for the
experiment with no reseeding and 35 430 and 12 700 mg/L for
the experiment with reseeding, respectively.

In the management of liquid wastes using anaerobic
digestion, the reduction of solids is a primary objective as it is
one of the parameters that is considered a contributor to
pollution. However, during the anaerobic digestion of cheese
whey, a base was added to control the pH which resulted in an
increase in the fixed solids of the effluent. In the two-stage
reactor used in this study, the cheese whey was received in
chamber 1 (inlet chamber) where a partial settlement of the
solids, the growth of microbial cells and the breakdown of
solids began. The partially settled whey was then received in
chamber 2 (outlet chamber) where further settlement and
breakdown of solids and growth of microbial cells continued.
The cheese whey used in this study contained about 67 070
mgIL total solids of which 44 670 mglL (67%) was in the
dissolved form and 22 400 mgIL (33%) in the suspended form.
The dissolved solids in cheese whey consists mainly of lactose
and inorganic salts (sodium, potassium, calcium, etc.) whereas
the suspended solids were mainly organic compounds (mostly
nitrogenous compounds). When the reseeded digester was
operating at the steady state condition, the dissolved solids were
about 79 to 82% of the total solids which means that the
suspended matter in the raw cheese whey was either converted

to the soluble form (dissolved) or settled to the bottom of the
digester in the form of sludge.

Reseeding the digester and controlling the pH, by sodium
bicarbonate addition, resulted in a higher reduction in the
volatile solids (79%) than the reduction in the total solids
(55.0%). The gain in the fixed solids (62.7%) caused by the
addition of base offset the reduction in total solids. However,
the results compare favourably with the reductions in the total
solids content of the effluent for the anaerobic digestion of
cheese whey of 18 to 66% and reductions in volatile solids of 20
to 74% reported by Clanton et at. (1985), Lo et at. (1988),
Ghaly (1989), and Fox et at. (1992).

Chemical oxygen demand

The average total chemical and soluble oxygen demand
measurements obtained during the steady state operation are
shown in Table IV. The coefficient of variations were very
small (0.7 to 2.1 %), indicating very stable conditions. For all the
experiments, both the total chemical oxygen demand (TCOD)
and the soluble chemical oxygen demand (SCaD) in chamber
2 were lower than those in chamber I because some of the
settling of solid organic matter in chamber 1 and the further
breaking down of soluble organic matter into gaseous products
in chamber 2.

The COD value is a measurement of the strength of a waste.
Thus, its reduction is a means of quantifying the success of any
treatment system in reducing the organic matter concentration
in the waste. Raw cheese whey is considered a strong waste
because of its high COD (74 750 mg/L) and biodegradebility
(49 500 mgIL). The TCOD reductions for chambers 1 and 2
were 7.0 and 9.4%, 12.8 and 29.3%, and 18.8 and 58.6% forthe

. experiments with no pH control, with pH control and no
reseeding, and with pH control and reseeding, respectively. The
SCOD reductions for chambers 1 and 2 were 0.4 and 1.3%, 6.5
and 24.4%, and 19.1 and 65.2% for the experiments with no pH
control, pH control and no reseeding, and pH control and
reseeding, respectively. When the digester was reseeded and the
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Table IV. The total and soluble oxygen demand* at the steady state condition.

TCOD SCOO COO reductions

Experiment Chamber Mean SD CV Mean SD CV
TCOD SCOO

(mgIL) (mgIL) (%) (mgIL) (mgIL) (%) (mgIL) (%) (mgIL) (%)

I 69510 770 1.1 60980 700 1.1 5240 (7.0) 220 (0.4)

2 66750 1010 2.5 60410 360 0.6 8000 (10.7) 790 ( 1.3)

2
I 68150 510 0.8 57240 1150 3.0 6600 (8.8) 3970 (6.5)

2 52850 990 1.9 46260 790 1.7 21900 (29.3) 14940 (24.4)

3
1 60730 450 0.7 49500 740 1.5 14020 (18.8) 11700 (19.1)

2 29970 930 2.1 20310 830 2.1 44780 (59.9) 40890 (66.8)

* average of 10 measurements Experiment 1: no pH control Raw cheese whey COD =74750 mgIL

SO: standard deviation Experiment 2: pH control by NaHC03 with no reseeding Raw cheese whey SCOD =61200 mglL

CV: coefficient of variation Experiment 3: pH control by NaHC03 with reseeding

pH was controlled, the reduction in SCOD was higher than the
reduction in TCOD due to the conversion of soluble materials
into microbial cells, which is an indication of a healthy digester.
On the other hand, when the digester was reseeded and the pH
was not controlled, the reduction in SCOD was lower than the
reduction in TCOD due to the conversion of organic materials
into CO2 and H20 which indicated an unhealthy digester.

The reported TCOD reductions for cheese whey in con
trolled anaerobic digestors vary considerably in the literature
depending on HRT. Clanton et al. (1985) reported TCOD re
ductions of less than 20% for HRTs of 14 to 17 d. Backus et al.
(1988) reported a TCOD reduction of 11 % for a digester oper
ating at a HRT of 30 d. Fox et al. (1992) reported a TCOD re
duction of 61 % for a digester operating at a HRT of 6.4 d. Yan
et al. (1989) and Hwang and Hansen (1992) reported TCOD
reductions of97 and 99%, respectively. In this study, the TCOD
and SCOD reductions obtained, when the digester was reseeded
and the pH was controlled, were 58.6 and 65.2%, respectively.

Nitrogen
The average total Kjeldahl nitrogen and ammonium nitrogen
concentrations obtained during the steady state operation are
shown in Table V. The coefficient of variation ranged from 0.6
to 11.6%. For all the experiments, the total Kjeldahl nitrogen
(TKN) in chamber 2 was lower than that in chamber 1 while the
ammonium nitrogen (AN) in chamber 2 was higher than that in

chamber 1. The TKN values at the steady state for chambers 1
and 2 were 1400 and 1380 mg/L for the experiment with no pH
control, 1390 and 1350 mg/L for the experiment with pH
control and no reseeding, and 1340 and 1130 mg/L for the
experiment with pH control and reseeding, respectively. The
ammonia nitrogen values for chambers 1 and 2 were 280 and
280 mg/L for the experiment with no pH control, 290 and 300
mg/L for the experiment with pH control and no reseeding, and
320 and 370 mg/L for the experiment with pH control and
reseeding, respectively. The TKN reductions for chambers I
and 2 were 9.7 and 11.3%, 10.3 and 12.9%, and 13.6 and 27.1 %
for the experiments with no pH control, with pH control and no
reseeding, and with pH control and reseeding, respectively.
There were reductions in the ammonia nitrogen in chamber 1
and 2 of 3.4% and 3.4% for the experiment with no pH control
and gains in chambers 1 and 2 of 0.0 and 3.4% for the
experiment with pH control and no reseeding, and of 10.3 and
27.6% for the experiment with pH control and reseeding,
respectively. Ghaly (1989), Clanton et al. (1985), and Fox et al.
(1992) reported TKN reductions of 14.5, 8.1, and 9.4%,
respectively. Ghaly and Pyke (1991) reported a 7.7% gain in the
ammonium nitrogen. Clanton et al. (1985) found the increase in
ammonium nitrogen to be half the value of the TKN of the raw
cheese whey. Based on methane production and COD reduction,
it appears that the concentration of inorganic nitrogen did not
appear to be limiting in this feedstock.

Table V. The total Kjeldahl and ammonium nitrogen* at the steady state condition.

TKN AN Reductions

Run Chamber Mean SO CV Mean SO CV TKN AN

(mglL) (mgIL) (%) (mgIL) (mgIL) (%) (mgIL) (%) (mglL) (%)

I 1400 10 0.7 280 30 9.4 150 (9.7) 10 (3.4)
2 1380 10 0.6 290 10 2.5 170 (11.3) 0 (0.0)

2
I 1360 20 1.5 310 30 8.7 190 (12.1) -20 (-6.9)
2 1250 20 1.8 320 40 11.6 300 (19.4) -30 (-10.3)

3
I 1240 40 3.3 400 20 5.7 310 (20.3) -110 (-37.9)
2 1030 20 1.6 640 30 3.9 520 (33.6) -350 (-120.7)

* average of 10 measurements Experiment 1: no pH control Cheese whey TKN =1550 mg/L
SO: standard deviation Experiment 2: pH control by NaHC03 with no reseeding Cheese whey AN =290 mgIL
CV: coefficient of variation Experiment 3: pH control by NaHC03 with reseeding
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CONCLUSIONS

The effects of reseeding and using sodium bicarbonate for
controlling the pH on the performance of a two-stage
mesophilic anaerobic digester were investigated. It was found
necessary to control the pH of the digester during the anaerobic
digestion of acid cheese whey. Without pH control, the very
low pH (3.3) inhibited the methanogenic process and as a result
the gas produced contained little or no methane. The pH
inhibition of methanogens was irreversible and the digester did
not recover (no methane production) when the pH was restored
to 7 (without reseeding). Restoring the pH to 7 without
reseeding only increased the gas production which was a false
indication of recovery as the gas was mainly carbon dioxide.
The addition of NaHC03 (to attain a pH of 7.0) resulted in a
total alkalinity (titrated to pH 4.5) of 8230 mglL as CaC03•

Reseeding the digester and controlling the pH restored its
performance; biogas production was 1.63 m3 m-3 d·1 with a
methane content of 52.0%. Reductions of 55.0% in the total
solids, 79.0% in the volatile solids, 58.6% in the total chemical
oxygen demand, 65.2% in the soluble chemical oxygen
demand, and 27.1 % in the total Kjeldahl nitrogen were obtained
when reseeding the digester and controlling the pH with sodium
bicarbonate. There was a gain in the ammonium nitrogen of
27.6% (due to the conversion of organic nitrogen to
ammonium), and in the fixed solids of 162.7% (due to the
addition of sodium bicarbonate).
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