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Abstract

An evaluation of 5 and 8 pH-point titrimetric methods for determining volatile fatty acids (VFAs) was conducted, and the 
results were compared for tap water and primary treated wastewater at the laboratory scale. These techniques were then 
applied to full-scale primary sludge hydrolysate, and the results were compared with those obtained via gas chromato-
graphy. The comparison showed that the VFA concentrations measured with the two titration methods were higher than 
those obtained via gas chromatography, differing by 9 and 13 mg COD∙ℓ-1 for the hydrolysate and by 5 and 6 mg COD∙ℓ-1 
for the ordinary primary settler effluent. No improvement in the accuracy of VFA concentration measurement was obtained 
from applying the 8 pH-point titration method instead of the 5 point method. The 5 pH-point method was successfully 
applied to determine VFA in full-scale primary sludge hydrolysate and was shown to be equally efficient to the methods that 
are routinely-used for this purpose.
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Introduction

At wastewater treatment plants (WWTPs), the addition of 
various external carbon sources to serve as energy source 
for the denitrifying heterotrophic bacteria, such as ethanol, 
methanol and acetic acid (AcOH), is used for extended nitrogen 
removal (Henze et al., 2002). The main advantages of exter-
nal carbon sources are low sludge production and on-demand 
accessibility. Despite these advantages, full-scale applications 
of sludge hydrolysis for the internal production of volatile 
fatty acids (VFAs), functioning as an alternative carbon and 
energy source, is of interest, and has been implemented at 
several WWTPs (Andreasen et al., 1997; Canziani et al., 1995; 
Johansson et al., 1996; Jönsson et al., 1996; Ucisik et al., 2008). 
In wastewater terminology, sludge hydrolysis comprises all 
mechanisms that make slowly biodegradable substrates avail-
able for bacterial growth (Gujer et al., 1999).

The production of endogenous carbon sources by the 
application of sludge hydrolysis is motivated by sound argu-
ments, e.g., independence from fluctuating market prices and 
the avoidance of transport costs. Furthermore, internally-
produced VFAs are natural constituents in wastewater, and, 
therefore, no microbiological adaptation is required (Nyberg, 
1996). Interestingly, Jönsson et al. (2008) calculated a pos-
sible decrease of 50% in the amount of external carbon source 
needed for denitrification resulting from the addition of hydro-
lysate; this was later confirmed by Hey et al. (2012) through 
simulations.

The major challenges associated with internal carbon 
source production are the optimal monitoring, control and 
distribution of the carbon produced. An overload of produced 
VFA from the hydrolysate generates increased oxygen demand 

in the biological process, increased sludge production and, if 
anaerobic digestion is used, possibly decreased gas produc-
tion. In contrast, a lack of carbon prevents sufficient nitrogen 
removal and may cause poor biological phosphorus removal.

Monitoring alkalinity and VFAs has long been considered a 
key indicator in evaluating the operation of anaerobic systems, 
because sudden changes in either parameter can signal process 
disturbances or even failure (Ahring et al., 1995). Therefore, 
significant efforts have been directed towards the development 
of analytical methods for the off- and on-line measurements 
of VFAs. Among other techniques, gas chromatography (GC), 
high-pressure liquid chromatography (HPLC), and Fourier 
transform-infra red spectroscopy (FT-IR) have been reported 
(Zumbusch et al., 1994; Banister and Pretorius, 1998; Steyer 
et al., 2002). However, the multiple pH-point titrimetric tech-
nique has attracted considerable attention, mainly because of 
its robustness, wide range of application, cost efficiency and 
user-friendliness (Moosbrugger et al., 1993; Buchauer, 1998; 
Lahav et al., 2000, 2002, 2004; Feitkenhauer et al., 2002; 
Vanrolleghem et al., 2003). Another pronounced advantage of 
titrations is the potential of simultaneously measuring alkalinity 
and VFA concentrations. The 5 pH-point method, first proposed 
by Moosbrugger et al. (1993), was based on choosing the initial 
pH of the sample in addition to 2 pairs of pH points symmetri-
cally distributed around the dissociation points (pKa) of the 
carbonate and acetate systems. The 8 and 9 pH-point titration 
methods were subsequently developed based on the 5 pH-point 
method but included additional pH points for increased accu-
racy and precision (Lahav et al., 2002; Ai et al., 2011).

The present study aimed to evaluate the accuracy of the 
5 and 8 pH-point titrimetric methods by determining the 
recovery of VFA in both tap water and primary settler efflu-
ent. Furthermore, the precision and applicability of the two 
selected methods were assessed by measuring the VFA content 
in hydrolysate obtained from a full-scale hydrolysis of primary 
sludge. The results from the latter experiment were compared 
with those obtained via gas chromatography (GC) analysis.
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concentration was replicated 6 times.
To assess the VFA recovery in the wastewater matrix, grab 

samples of primary settled wastewater from the Klagshamn 
WWTP were collected. Samples were filtered through a cel-
lulose filter (No. 1002, Munktell, Sweden) at a filtering rate 
of 250 mℓ ∙min-1. The filtrate was analysed for NH4-N, PO4-P, 
SO4

2- and SO3
2- using HACH LANGE’s cuvettes (LCK 303, 

LCK 350, LCK 153 and LCK 653) and spectrophotometer 
(DR 2800). Thereafter, AcOH was added to 100 m ℓ samples 
of the filtrate to yield final concentrations of 5, 12.5, 25, 50, 75 
and 100 mg·ℓ -1. Subsequently, the EC and temperature were 
measured before starting the titration procedure. To establish 
a basis for the VFA calculation, all recorded values for the 
EC, temperature, initial pH, VHCl 0.05 M, NH4-N, PO4-P, SO4-S, 
and SO3-S were entered into the TITRA5 and TITRA8 algo-
rithms. Experiments were replicated 8 times for each AcOH 
concentration.

Calculation of recovery
The calculation of the VFA recovery by TITRA5 and TITRA8 
within the 95% confidence interval (CI) was performed accord-
ing to Harris (2007). The mean value (x) and standard deviation 
of each AcOH concentration was measured 6 and 8 times (n = 
6; 8) and was calculated, with  

The confidence interval (µ) was calculated as           ,  
where t (Student’s t) was chosen according to the degrees of 
freedom (DF = n−1), resulting in tn=6 2.571 and tn=8 2.365.

Full-scale in-line hydrolysis experiment

A full-scale in-line primary sludge hydrolysis has been imple-
mented at the Klagshamn WWTP in Sweden, as described by 
Hey et al. (2012). Figure 1 shows the two primary tanks with a 
volume of 550 m3; one tank was altered for in-line hydrolysis 
(hydrolysis line), and another tank was unchanged (reference 
line). The alteration of the hydrolysis line was achieved by 
increasing the primary sludge concentration and retention time 
in the hopper. Furthermore, an adequate pump was installed to 
pump the sludge from the bottom of the hopper to just below 
the surface, to wash out the produced hydrolysate containing 
the VFA with the incoming wastewater flow.

Sample preparation
Grab samples were gathered simultaneously from the outlets 
of the reference and hydrolysis lines to measure the VFA 

Figure 1
Overview of the process scheme from the Klagshamn WWTP 
(modified from Jönsson et al., 2008). The MBBRTM and sand 

filter configurations are common for both lines.

Experimental

The two titration methods evaluated to determine the alkalinity 
and VFA measurements have been described by Moosbrugger 
et al. (1993) and Lahav et al. (2002). The 5 and 8 pH-point titri-
metric methods, denoted as TITRA5 and TITRA8, are based 
on the application of acid titration to 5 and 8 predefined pH 
points, respectively. The major differences between these two 
methods are that TITRA8 has 3 additional lower pH points, 2.7 
(pH5), 2.55 (chosen in this study to be pH6) and 2.4 (pH7), and 
requires the measurement of dissolved sulphides.

Chemicals and stock solutions

Hydrochloric acid (HCl) 0.05 M was used as the titrant, and a 
stock solution of 100 mg·ℓ-1AcOH equivalent was prepared by 
adding 227.75 mg of CH3COONa∙3H2O in a 1 ℓ glass flask filled 
with tap water. All chemicals were obtained from Scharlab, 
S.L., Spain.

Titration setup and procedure

A multiple pH-point titration was conducted with an autotitra-
tor (TitroLine alpha 50 plus) connected to a magnetic stirrer 
and pH electrode (Blue Line pH 14), and titrant increments of 
10 µℓ were chosen, following the recommendation of Buchauer 
(1998). The appropriate software (Titrisoft 2.6) was used to 
programme the TITRA5 and TITRA8 protocols. The pH 
electrode was calibrated with 2 buffer solutions at pH 4 and 
pH 7 (Hamilton Duracal Buffer, Switzerland), and the observed 
calibration slopes were ≥ 0.97.

The electrical conductivity (EC, mS∙m-1) and temperature 
(°C) of 100 mℓ samples were measured with a handheld con-
ductivity meter (EC 300) prior to starting the titration proce-
dure. All equipment and software were obtained from Schott 
Instruments, Germany. The titrant volume (VHCl 0.05 M) was 
recorded at all predefined pH points, and the initial pH, EC and 
temperature values were entered into the software for the cor-
responding titration methods.

VFA recovery experiments

Sample preparation
To test and measure the recovery of different VFA concentra-
tions in tap water, standard solutions of 5, 12.5, 25, 50, 75  
and 100 mg·ℓ-1 AcOH were prepared from the standard 
stock solution by proper dilution in tap water. Each AcOH 
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Figure 2
Typical titration course for the TITRA5 and TITRA8 methods 
with 0.05 M HCl. This example shows a titration curve with 

primary wastewater.

Figure 3
Measurement of different known VFA concentrations using the 

TITRA5 and TITRA8 methods after the addition of the analyte to 
(a) tap water and (b) primary treated wastewater effluent.

(a)

(b)

content using TITRA5, TITRA8 and GC analyses. Similarly 
to the preparation of wastewater samples, the grab samples 
were filtered through a cellulose filter and analysed for NH4-N, 
PO4-P, SO4

2- and SO3
2-. Each grab sample was analysed once 

with TITRA5 and TITRA8, but twice by GC. A pH adjustment 
prior to titration was unnecessary because the initial pH of all 
samples was > 6.7.

VFA analysis with gas chromatography
All samples for GC analysis were prepared according to 
Tykesson et al. (2006). Specifically, 900 µℓ of the filtered 
sample and 100 µℓ of 10% H3PO4 were pipetted into a 2 mℓ 
GC vial to obtain a final pH < 2 (Boe et al., 2007). Samples 
were analysed for the two major VFAs, acetic acid (AcOH) and 
propionic acid (PrOH).

The GC analysis was conducted using an Agilent 6850 
GC system with flame ionisation detection (FID). A capil-
lary column Agilent HP-FFAP (19095F-123E), 30 m∙0.53 mm 
N.D. coated with a 1 µm film, was used with nitrogen (N2) as 
the carrier gas with a flow rate of 20 mℓ∙min-1. The injector 
and FID temperatures were 180°C and 260°C, respectively. 
The initial capillary column temperature was 80°C and 
increased in 20°C steps to 120°C and then increased further 
by 6.13°C·min-1 to a final temperature of 130°C. A sample vol-
ume of 0.2 µℓ was injected as pulsed splitless mode. Standard 
solutions of AcOH and PrOH with final chemical oxygen 
demand (COD) concentrations of 25, 50, 100, 200, 500, 1 000 
and 2 000 mg O2·ℓ

-1 were used. The calibration curves for 
AcOH and PrOH were obtained using duplicates of each con-
centration, with squared correlation coefficients (R2) of 0.9989 
and 0.9997, respectively.

The primary GC data for AcOH and PrOH were converted 
into COD units using conversion factors 1.07 and 1.52 g O2·g

-1 
substrate, respectively, according to Henze et al. (2002). Hence, 
the VFA results obtained from the TITRA5 and TITRA8 proto-
cols were also converted into COD units to facilitate compari-
son with the GC results.

Results

The titration experiments were conducted to determine the 
recovery of known VFA concentrations in tap water and 
primary wastewater. All produced titration curves represented 
an expected decrease in pH values concomitant with the addi-
tion of the titrant. A typical curve is shown in Fig. 2, where 
the higher part (7.7 > pH > 4.25) is shared by the two titration 
methods and the highlighted part (4.25 > pH > 2.4) applies 
exclusively to TITRA8.

VFA recovery in tap water and primary treated 
wastewater

Recovery refers to the amount of analyte measured by the 
respective methods and is calculated as a percentage of the 
initial corresponding concentration. In Fig. 3, the presented 
data points of each AcOH concentration measured by TITRA5 
and TITRA8, respectively, are mean values within the 95% CI. 
The slopes of the linear regression for all recovery curves were 
1.0. However, the TITRA8 protocol always produced a higher 
positive y-intercept (4.0 and 4.5) because of a higher measured 
AcOH recovery compared with TITRA5 (0.63 and −0.06). 
In addition, the primary treated wastewater used for VFA 
recovery did not contain any VFA visible at the y-intercept of 
TITRA5 in Fig. 3b.
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Furthermore, Table 1 shows that the TITRA8 protocol 
always produced a larger standard deviation in both tap water 
and primary wastewater, except for the AcOH concentrations 
of 25 and 75 mg·ℓ-1 for samples prepared with wastewater. 
Nevertheless, the squared correlation coefficient (R²) between 
the added and recovered amounts of VFA in the two different 
media, measured with both the TITRA5 and TITRA8 proto-, measured with both the TITRA5 and TITRA8 proto-
cols, was always equal to or greater than 0.98.

Full-scale in-line hydrolysis experiment

The full-scale experiment showed a higher outlet concentration 
of VFA in the hydrolysis line than in the reference line, regard-
less of the analysis method used. Figure 4 shows the measured 
VFA and alkalinity in the reference and hydrolysis line from 
over 52 days. From Day 0 until Day 29, the primary sludge 
outtake from the hydrolysis line was decreased gradually from 
7 to 4 min/30 min but was kept constant in the reference line. 
Starting from Day 29, the VFA concentration at the outlet 
of the hydrolysis line increased steadily from approximately 

10 mg CODAcOH∙ℓ-1 to approximately 43 mg CODAcOH∙ℓ-1. The 
latter increase offers clear proof that the biological hydrolysis 
of sludge occurred (grey shaded parts in Fig. 4a) and reached 
its steady state on Day 38. The higher VFA concentration in the 
hydrolysis line was measured until Day 52 to confirm the net 
production of approximately 20 mg CODAcOH∙ℓ-1 relative to the 
reference line. Thereafter, the primary sludge outtake was reset 
to 7 min/30 min to restore normal operation at the WWTP.

Each VFA concentration obtained in the full-scale experi-
ment was analysed with 3 methods (TITRA5, TITRA8 and 
GC), thus often yielding 3 apparently different VFA concentra-
tions (see Table 2). In most cases, the TITRA8 method yielded 
higher VFA and alkalinity concentrations than the TITRA5 and 
GC methods, as shown in Table 2. However, the overall trends 
concerning the VFA concentrations obtained using the TITRA5, 
TITRA8 and GC methods exhibited approximately identical 
patterns. Furthermore, the VFA concentrations measured with 
the TITRA8 method at Days 11, 29 and 38 (shown in parenthe-
ses in Table 2) can be considered outliers and attributed to either 
experimental error during the titration or other factors.

Figure 4
GC analyses with the VFA (top) and alkalinity (bottom) concentrations measured using the TITRA5 and TITRA8 methods in (a) the 
hydrolysis line and (b) the reference line. Grey-shaded parts represent active biological hydrolysis of the sludge. The solid triangles 

represent GC data points, while the asterisks and empty circles represent data points obtained with TITRA5 and TITRA8, respectively. 

Table 1
Comparison of AcOH recoveries in tap water and primary wastewater using the TITRA5 and TITRA8 methods. 
The calculated standard deviation is placed next to each value. The letter n stands for number of replicates.

Tap water (n = 6)
Added AcOH (mg·ℓ-1) 0 5 12.5 25 50 75 100
TITRA5 1.1±1.3 5.8±1.9 13.1±0.7 26.1±1.6 50.4±2.1 77.2±2.1 99.1±2.0
TITRA8 2.5±1.6 11.4±2.4 17.4±1.2 32±3.1 56.8±3.5 84.2±4.0 103.3±4.0
Primary treated wastewater (n = 8)
Added AcOH (mg·ℓ-1) 0 5 12.5 25 50 75 100
TITRA5 3.4±2.0 3.6±0.9 11.5±1.5 27.6±4.9 51.9±4.4 75.6±4.6 102.6±1.6
TITRA8 3.8±2.0 7.3±1.2 17.6±2.0 30.6±3.7 56.8±6.3 80.6±4.3 108.2±8.1
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Contrary to the increase in VFA content and 
to the differences observed between the refer-
ence and operating lines, the alkalinity meas-
ured with the TITRA5 and TITRA8 methods 
exhibited similar patterns in the experiment and 
in both lines, with measured values (fluctuating 
between 200 and 300 mg CaCO3·ℓ

-1) reflecting 
approximately constant behaviour.

Discussion

All titration curves obtained in this study 
showed a typical smooth acid titration pattern, 
with a steep slope near the inflection point, 
similar to the example in Fig. 2, thus confirming 
the reliability and good performance of the titra-
tion procedure.

Selecting a suitable sampling strategy is 
crucial in any experiment. Considering the 
full-scale in-line hydrolysis experiment, the 
daily composite sampling was disregarded 
because continuous hydrolysis could occur in 
the sampling container, in which case the reli-
ability of the VFA analysis would be compro-
mised. Therefore, grab samples were collected 
throughout the full-scale experiment. Despite 
the uncertainty associated with grab sampling 
and hydraulic variations, exponential (Day 29 
to Day 38) and steady-state (Day 38 to Day 52) 
patterns were observed for VFA production in 
the hydrolysis line (Fig. 4a). Therefore, the eval- 4a). Therefore, the eval-. Therefore, the eval-
uation of full-scale in-line hydrolysis based on 
grab samples can be considered satisfactory for 
monitoring VFA and alkalinity in the hydroly-
sis process. Furthermore, the concentrations 
of approximately 10 to 20 mg CODAcOH∙ℓ-1 and 
200 to 340 mg CaCO3∙ℓ

-1 found in the reference 
line (Fig. 4b) are consistent with the typical 
VFA and alkalinity concentrations measured in 
municipal wastewater (Henze et al., 2002).

As shown in Table 2, compared with 
TITRA5, TITRA8 measured higher VFA and alkalinity con-
centrations. However, the two titration methods consistently 
showed higher VFA concentrations than the concentrations 
obtained by GC analysis. The fact that GC has been used as a 
reference method for comparison with the two titration meth-
ods does not insulate it from the limitations and possibilities of 
measurement errors.

Given that both of the selected titration methods were 
developed for monitoring anaerobic processes in digesters, 
these methods were typically designed to measure VFA con-
centrations in an environment of high alkalinity (1 500 –  
3 000 mg CaCO3·ℓ

-1), suitable for the activity of methanogenic 
bacteria and thus the production of biomethane (Gerardi, 2003). 
That range of alkalinity is required to neutralise the carbonic 
acid resulting from dissolved carbon dioxide and to buffer the 
effect of the different acid components, namely, VFAs, result-
ing from the hydrolysis of long chain fatty acids and the metab-
olisation of sugars. Based on the anticipated range of alkalinity, 
it was a challenging task to prove the applicability of these 
methods for analysing samples in which no or low alkalinity 
(~ 300 mg CaCO3·ℓ

-1) is encountered.
By applying and comparing the 5 and 8 pH-point titra-

tion methods for monitoring the in-line hydrolysis of primary 

sludge, some minor differences were observed that should be 
considered with regard to practical applications. The 8-point 
titration method requires additional sulphide analyses (that 
could have been ignored or performed less frequently if the 
concentration was found to be nearly constant) and the titra-
tion of 3 lower pH points, thus making it more costly and time 
consuming than the 5-point titration method. Furthermore, the 
risk of titrating the last 3 pH points inaccurately in the TITRA8 
protocol, resulting in a less accurate determination of the VFA 
concentration, was found to be more important than the potent 
for gaining a more accurate analysis relative to the TITRA5 
protocol. This risk can be explained by the high buffering 
capacity of water at a low pH (2.4), which makes the lowest 
level of inaccuracy in pH measurements produce a rather large 
inaccuracy in the determination of total alkalinity when the 
latter is considerably low  (≤ 600 mg CaCO3·ℓ

-1). However, 
this impact is less pronounced when the alkalinity is equal to 
or greater than 1 000 mg CaCO3·ℓ

-1. For the same anticipated 
reasons, TITRA5 is hardly affected by the level of alkalinity 
because the procedure does not reach low pH values (the lowest 
pH is 4.3).

Therefore, proceeding from theoretical reasoning and 
empirical results, the accuracy of TITRA8 is considerably 

Table 2
Overview of the VFA and alkalinity concentrations measured using the 

TITRA5, TITRA8 and GC methods throughout the hydrolysis experiment.
VFA (mg 

CODAcOH∙ℓ-1)
Hydrolysis line Reference line

Day TITRA5 TITRA8 GC TITRA5 TITRA8 GC
0 29 48 2 16 16 6
3 31 41 33 0 0 7
8 7 8 9 0 7 0
11 19 (45) 20 0 10 5
22 17 16 8 5 21 9
24 12 20 9 0 0 0
29 9 (27) 11 15 9 6
31 15 21 17 9 0 16
36 34 25 29 14 3 12
38 41 (53) 28 13 17 10
45 37 38 27 16 17 11
50 42 43 28 19 19 13
52 41 42 33 14 17 11

Alkalinity
(mg 

CaCO3·ℓ-1)

Hydrolysis line Reference line

Day TITRA5 TITRA8 TITRA5 TITRA8
0 232 279 293 308
3 272 282 271 332
8 274 301 202 227
11 228 268 207 278
22 329 338 262 340
24 291 301 278 305
29 185 272 220 229
31 261 278 284 295
36 293 319 317 323
38 245 278 257 279
45 281 271 285 295
50 275 289 289 300
52 278 285 279 290
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compromised and shown to depend more on the nature of the 
sample’s matrix than does TITRA5. Indeed, although both 
titrimetric methods showed high reliability and accuracy when 
used to analyse standard VFA solutions prepared with tap 
water or wastewater matrices, TITRA5 showed higher cred-
ibility than did TITRA8 when analysing hydrolysate samples, 
thus enabling the practical applicability of TITRA5 for the 
daily laboratory routine of WWTPs in monitoring primary 
sludge hydrolysis. However, the supremacy of TITRA5, though 
demonstrated under tested experimental conditions, cannot be 
generalised to all types of samples, but is sufficient to promote 
TITRA5 as one of the preferred analytical tools.

Conclusion

Two titration methods, TITRA5 and TITRA8, measuring 
VFA concentrations in tap water and primary wastewater 
containing between 5 and 100 mg AcOH·ℓ-1, were tested. 
Both titration methods showed a reliable VFA recovery 
within the 95% CI, based on 6 and 8 replicates for each tested 
concentration.

A full-scale primary sludge hydrolysis experiment was con-
ducted with a net VFA production of 20 mg CODAcOH∙ℓ-1. The 
results indicated a higher amount of VFA measured by titrime-
try compared with GC. The alkalinity was unaffected through-
out the full-scale experiment. Compared to TITRA8 and GC, 
the TITRA5 protocol appears sufficient for monitoring and 
determining VFA and alkalinity in primary-sludge hydrolysate. 
Although the TITRA8 protocol is typically used to ensure the 
quality of results obtained with TITRA5 and was performed 
with the same instruments, its achieved VFA concentrations 
were less accurate than those measured by TITRA5 and GC, 
mainly because of its operation under low pH and alkalinity.

Further experiments are required to determine the method 
detection limit (MDL) and practical quantitation limit (PQL) of 
VFA measurements by TITRA5 or TITRA8 protocols in waste-
water matrices. In addition, the effects of the daily composite 
sampling, sample treatment and storage of VFA content must 
also be investigated.
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