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Abstract

The use of the conventional COD method to measure sulphide proved to be problematic due to the loss of hydrogen sulphide 
(H2S) during sample handling. For calibration of models based on mass balances, and operation of full-scale systems, it was 
imperative to develop simple wet chemistry analytical procedures for the accurate measurement of parameters like sulphide, 
COD, alkalinities and VFA in order to monitor BSR systems and achieve 100% COD and S mass balances. Three differ-
ent analytical methods were investigated to minimise the loss of un-dissociated H2S. Method 1, which is the recommended 
Standard Methods COD test method, resulted in poor S mass balance (64-75%) due to loss of H2S during sample handling, 
mainly vacuum filtration. Method 2, in which 3 drops of 10 M NaOH are added immediately upon effluent sample collec-
tion to raise the pH to > 10 and converting un-dissociated H2S species into the HS- species resulted in minimal sulphide loss 
during sample vacuum filtration, dilution, mixing and standing. Method 3, in which a polyelectrolyte is added to the effluent 
sample to coagulate the organic particles with centrifugation for solid-liquid separation instead of vacuum filtration. Results 
from Method 3 showed an improvement in the S mass balance with respect to Method 1 - 91% against 75% without a long 
sample standing period and 88% against 65% with a long sample standing period. However, S mass balance with Method 
3 was still relatively low when compared with Method 2 (86 to 91% against 92 to 95%). Therefore, Method 2 was the best 
simple wet chemistry analytical procedure to accurately measure ST (= H2S + HS-) and achieve close to 100% COD and 
S mass balances. The effects of ST loss were also investigated on the total and subsystem alkalinities as determined with the 
5-pH point titration method. By testing standard solutions with known carbonate, acetate and sulphide species and upflow 
anaerobic sludge bed (UASB) reactor effluent samples, it was found that the total alkalinity concentration is not affected by 
H2S (and CO2) loss as the subsystem alkalinities re-speciate due to a change in pH; and to obtain accurate H2CO3* alk and 
volatile fatty acid (VFA) concentrations, accurate sulphide concentrations are required, i.e. those obtained from Method 2.

Keywords: biological sulphate reduction, mixed weak acid/base chemistry, titration methods, sulphide, 
chemical oxygen demand, volatile fatty acids, alkalinity

Nomenclature

Alk HAc alkalinity with respect to the HAc reference 
species of the acetic acid weak acid/base system 
excluding the water species

Alk H2S alkalinity with respect to the H2S reference 
species of the sulphide weak acid/base system 
excluding the water species

AMD  acid mine drainage
AT  total acetic acid species concentration
BSR  biological sulphate reduction
C  carbon
CT  total inorganic carbon species concentration
COD  chemical oxygen demand
H2CO3* alk  alkalinity with respect to the H2CO3 reference spe-

cies including the water species.
HAc  acetic acid 
M  strength of reagent in moles/ℓ  
MM  molecular mass in grams 

pK’S1   1st dissociation constant for the sulphide weak 
acid base system corrected for ionic strength 
effects.

PT  total ortho-phosphate species concentration
PSS  primary sewage sludge
R1  UASB Reactor 1
R2  UASB Reactor 2
r/min  revolutions per minute
ST  total sulphide species concentration
UASB  upflow anaerobic sludge bed reactor
VFA  volatile fatty acids

Introduction

In the anaerobic digestion of sulphate-rich waters such as AMD, 
the accurate measurement of residual sulphate and sulphides pro-
duced is of utmost importance in order to close the sulphur loop 
and correct the sulphur mass balance over the system. The meas-
urement of both sulphate and total aqueous hydrogen sulphide 
(ST) can be problematic. The issue of sulphate measurement in 
the presence of elevated concentrations of organic materials has 
been addressed by Ristow et al. (2005). They developed the car-
bonate fusion method in which the effluent sample is pretreated 
to remove the dissolved organic matter present thereby eliminat-
ing its interference with the spectrometer absorbance reading. 
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Quantifying the sulphide species in the sulphide system is 
fundamental in the biological reduction of sulphate-rich waters. 
Firstly, with ST known, the COD and sulphur mass balances 
can be completed on the system. Secondly, with ST and pH 
measured, the un-dissociated and dissociated sulphide species 
can be calculated and used to assess the effect of un-dissociated 
H2S inhibition (both in growth and activity) on the system. 
Thirdly, the alkalinity associated with the dissociated hydro-
gen sulphide (HS-) can also be determined. Fourthly, for feed 
organics that are carbon limited for biological sulphate reduc-
tion (BSR) the organics can donate more electrons than supply 
carbon for the alkalinity requirement. This applies to practi-
cally all organics (COD/TOC ratio ≥ 2.67 gCOD/gC) and the 
HS-/H2S system supplies the alkalinity deficit and establishes 
the reactor pH. In these systems, the substrate carbon utilised 
can be measured via the H2CO3* alk for which accurate sul-
phide concentration measurements are required (Part 5 of this 
series currently under preparation by Poinapen and Ekama) .

The measurement of aqueous ST is based on the COD meas-
urement as outlined in Standard Methods (1985). This method 
proved to be problematic due to the loss of hydrogen sulphide 
during sample preparation and vacuum filtration. Thus, the 
objective of this research was to investigate modifications to 
this method in order to minimise hydrogen sulphide loss during 
sample preparation. In addition, the effect of pH changes due to 
the loss of ST on system alkalinities and VFA and species distri-
bution is explained in terms of mixed weak acid/base chemis-
try to give insight into the effect of analytical errors in the wet 
chemistry procedures. Three methods were investigated and 
they are described and evaluated below.

Methodology

Two similar UASB reactors designated R1 (T=35oC) and 
R2 (T=20oC) were fed sulphate-rich water blended with pri-
mary sewage sludge (PSS) to investigate BSR under various 
operating conditions (see Parts 1 and 3, Poinapen et al., 2009a; 
b). For the purpose of this paper, only results of R1 are illus-
trated since the same principles apply also to R2.

Three different methods for ST measurement were 
investigated:
Method 1: The conventional COD method as outlined in 
Standard Methods (1985). 
Method 2:  Addition of 3 drops of 10 M NaOH to the effluent 
sample immediately after sample collection.
Method 3:  Addition of an organic polyelectrolyte to the efflu-
ent sample to coagulate the organic particles followed by 
centrifugation for solid-liquid separation.

Effluent samples (approx. 100 mℓ) were taken from the top 
clear water zone of the R1 UASB reactor and analysed for total 
COD (soluble and particulate), total soluble COD constituents 
and organic soluble COD, sulphate, H2CO3* alkalinity and VFA 
concentrations, the last 2 measurements with the 5-pt titration 
method of Moosbrugger et al. (1992).

Method 1: Conventional COD method 

Using the appropriate dilution, the effluent total COD was 
determined by the COD method outlined in Standard Methods 
(1985).  The total soluble COD (soluble organic COD + sul-
phide COD) was determined on 0.45 mm vacuum filtered sam-
ples. To determine the total organic COD (sulphide removed), 
excess zinc sulphate (ZnSO4) was added to a 50 mℓ sample 

to precipitate the aqueous sulphide as zinc sulphide (ZnS). 
Thereafter, 3 drops of 10 M NaOH were added to increase 
the pH to precipitate residual Zn2+ as Zn(OH)2. The solution 
was then centrifuged for 5 minutes at 3500 r/min and vacuum 
filtered through a 0.45 μm membrane filter paper and the result-
ing filtrate was tested for COD to measure its organic soluble 
concentration. The difference between the total soluble COD 
and the organic soluble COD was therefore the total aqueous 
sulphide COD.

Method 2: Addition of 3 drops of 10 M NaOH to the 
effluent sample

It was suspected that sulphide gas was lost during vacuum 
filtration, swirling or mixing (when conducting sample dilu-
tion) and also when samples were left standing for some time 
(longer than 15 min). In order to prevent un-dissociated H2S 
from escaping the sample, 3 drops of 10 M NaOH were added 
immediately after sample collection from the liquid phase 
of the UASB reactor. The NaOH increased the pH to greater 
than 10 and allowed the sulphide to be retained in the sample. 
The H2S changes to HS- with the addition of NaOH. The H2S/
HS- system has a pKs1 value of 7.05 at 25oC (Bjerrum et al., 
1985) and at a pH of 10 almost all the sulphide is in the form of 
HS- species with a very small proportion in the form of S2- spe-
cies (pKs2 = 12.92 at 25oC, Lide, 2001) (Fig. 1). Neither HS- nor 
S2- species can escape from the sample since they are dissoci-
ated.  After the addition of the 10 M NaOH, the same analytical 
and experimental procedures were carried out as outlined in 
Method 1 above. The total COD as well as the different soluble 
COD fractions of the effluent were likewise determined. 

Method 3: Addition of polyelectrolyte to the effluent 
sample

This 3rd approach consisted of adding an organic polyelectro-
lyte coagulant to the effluent sample. This approach was under-
taken in order to avoid vacuum filtering of the samples and to 
improve solid-liquid separation in centrifugation before meas-
uring the effluent soluble COD fractions. While the polyelec-
trolyte is organic it would not add to the soluble COD due to its 
removal with the particulate organics. A solution of the coagu-
lant was prepared from 0.5 g of the organic polyelectrolyte in 
100 mℓ of distilled water. The mixture was thoroughly mixed 
until a coagulant solution was obtained. Thereafter, 2 drops 
of this polyelectrolyte coagulant were added to a 50 mℓ efflu-
ent sample and centrifuged for 10 min at 3 500 r/min. After 
centrifugation, all the particulates/solids were coagulated onto 
the inner wall of the centrifugation tube leaving a quasi-clear 
effluent solution. This clear effluent was assumed to contain no 
suspended solids and was thus used to determine the various 
soluble COD fractions as described in Method 1. 

Results

Effluent soluble COD constituents

The total soluble (organic + sulphide) and sulphide COD con-
centrations on 3 different R1 experimental days for each of the 
3 methods under study are shown below.

From Table 1, it can be seen that the total soluble COD 
concentration (and thus the sulphide COD) determined from 
Method 2 is higher than those from Methods 1 and 3. The 
difference between Methods 2 and 3 was not large on reactor 
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operation Day 421 while it was more pronounced on Days 473 
and 498. This is because on these latter 2 d the effluent sam-
ples treated with polyelectrolyte (Method 3) were left standing 
for more than 20 min before being tested for COD. Solutions 
containing un-dissociated H2S at pH < 9.0 (reactor and effluent 
pH being ~ 7.1) are prone to H2S losses on standing and mixing 
during analysis steps. This explains the lower sulphide con-
centrations recorded for Method 3 where no vacuum filtration 
was conducted prior to the effluent soluble COD measurement 
compared with Method 2.

The total soluble and sulphide COD were the lowest with 
Method 1. These low values were due to H2S losses during 
sample preparation, namely dilution, mixing and standing over 
(as experienced in Method 3) but more importantly during 
vacuum filtration to separate the particulate from the soluble 
organics. Vacuum filtration expelled almost all the H2S present 
in the effluent sample because at a pH of ~ 7.1 a considerable 
fraction of the total sulphide (ST) is in the H2S form. Following 
these results, the mass of sulphur and COD leaving the reactor 
from each method was calculated to determine the sulphur and 
COD mass balances.

Mass balances

In the S balance, the H2S gas concentrations from the head-
space of the reactor measured with the phenanthroline method 
were found to be negligible with concentrations ranging from 
0.4 to 1.0 mgS/ℓ of influent (mean = 0.7 mgS/ℓ) and masses of 
between 0.003 and 0.01 mgS/d (mean 0.007 mgS/d). Moreover, 
from waste sludge analysis, elemental sulphur concentration 
in the sludge mass wasted per day was about 2% of the total 
sulphur mass passing through the system per day. Using the ST 
measurements shown in Table 1 and the H2S gas masses, the 
COD mass balance was conducted while for the S mass bal-
ance, the mass of the elemental sulphur was also considered. 
These mass balances are listed in Table 2.

Table 2 shows the COD mass balance based on the total 
effluent COD of the UASB reactor R1 determined from all 3 
methods under investigation. For Methods 1 and 3, the same 
effluent sample is used in the COD test (after the appropriate 
dilution) to determine the total effluent COD. As expected, both 
methods resulted in the same total effluent COD and therefore 
the same COD mass balances. In Method 2, in which 3 drops of 
NaOH are immediately added to the sample to prevent H2S loss, 

the COD mass balance is better (97.1%). The difference in COD 
mass balance between Method 2 and the others is due to the H2S 
loss during dilution, mixing and standing of the effluent samples 
before testing. This is also reflected and confirmed in the sul-
phur mass balance.   The S mass balance in Method 2 is higher 
than that in Methods 1 and 3. These differences were a direct 
consequence of reducing H2S losses in the analytical steps of the 
methods. It can be seen that the loss of H2S during vacuum filtra-
tion is particularly significant. Moreover, the 92 to 95% S mass 
balance obtained in Method 2 shows that Method 2 is reliable in 
fixing the S mass balance close to 100%. It can therefore be con-
cluded that Method 2 (i.e. the addition of drops of NaOH imme-
diately after effluent sample collection) is a better analytical 
method when vacuum filtering samples and also avoids H2S loss 
with samples standing over. The close to 100% S balance shows 
that the loss of H2S takes place only during vacuum filtration 
and sample preparation (swirling, mixing and standing over) and 
not in the COD test itself. The COD test immediately oxidises 
all sulphide to sulphate upon addition of the sulphuric acid.  This 
was tested with sulphide standard solutions.    

To further validate Method 2 (raising the sample pH with 
NaOH before vacuum filtration), 2 standard hydrogen sulphide 
ST solutions with known concentrations were made up using 
sodium sulphide (Na2S.9H2O). The 2 standard solutions were 
made up by dissolving in 1 ℓ distilled water 3.030 g and 4.503 
g of Na2S.9H2O (MW = 240 g) respectively. These standard 
solutions were checked with independent Na analysis and found 
to conform within 1%. The solutions were gently mixed until 
the entire compound dissolved. These solutions had therefore a 
total sulphide (ST) concentration of 404 mgS/ℓ and 600 mgS/ℓ 
respectively. The pHs of the solutions were as high as 11.93 and 
12.16 respectively. At these high pH values, the sulphide spe-
cies were in the HS- and S2- forms (H2S species ~ 0.003 mgS/ℓ). 
So there was no need to raise the pH with NaOH. A sample of 
each of the standard ST solution was vacuum filtered through 
0.45 μm membrane filter paper and ST measured in the COD 
test.  For these standard sulphide solution COD tests, it was 
not necessary to boil the samples – they could be titrated after 
cooling from the H2SO4 addiction and yield the standard COD 
concentration.  This confirmed that the H2S oxidation in the 
COD test is very rapid upon addition of the H2SO4resulting in 
negligible H2S loss in the COD test itself.  

In another sample of the ST standard solution (ST = 600 
mgS/ℓ), relatively weak hydrochloric acid solution (Normality 

Table 1
Results of UASB Reactor R1 effluent total soluble and sulphide COD

R1 effluent 
sample 

Units Method 1 Method 2 Method 3
Total soluble Total 

sulphide (ST)
Total soluble Total 

sulphide (ST) 
Total soluble Total 

sulphide (ST)
Day 421 mgCOD/ℓ 934 716 1159 940 1126 908
Day 473 mgCOD/ℓ 910 696 1277 1063 1187 973
Day 498 mgCOD/ℓ 926 671 1265 1010 1195 940

TABLE 2
Comparison of COD and S mass balances from all 3 methods

Description COD mass balance (%) Sulphur (S) mass balance (%)

Method 1 Method 2 Method 3 Method 1 Method 2 Method 3

R1 Day 421 95.5 97.1 95.5 74.9 93.8 90.9
R1 Day 473 91.8 95.4 91.8 64.7 95.3 87.8
R1 Day 498 93.5 97.0 93.5 64.0 92.2 86.4
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= 0.067) was added drop-wise and very gently stirred until the 
pH was 7.13. The solution pH was therefore similar to that of 
the UASB effluent samples. This solution was then subjected 
to the same analytical procedures as for the UASB reactor and 
effluent COD samples, i.e. its COD was measured with stand-
ard COD test (Method 1) and Method 2 (addition of 3 drops of 
NaOH). The results of the COD tests done on various concen-
trations of Na2S.9H2O solution both at high and low pH values 
are tabulated in Table 3.

From Table 3, it can be seen that the measured ST at high 
pH is very close to the standard value (96 to 99% recovery) 
confirming that no sulphide species are lost in the COD test 
itself even at ST concentration as high as 600 mgS/ℓ. This was 
checked by placing tissue paper moistened with ferric chloride 
(FeCl3) solution over the COD flasks with sulphuric acid addi-
tion and over the outlets of the COD test condensers – if H2S 
gas escaped during these steps, black spots would have formed 
on the filter paper - none were noted. The absence of H2S loss 
from the COD test is probably due to the very rapid reaction 
between the potassium dichromate and sulphide, complete 
virtually immediately after adding the sulphuric acid. For the 
standard solution at low pH, the measured ST is only 75% of the 
theoretical ST indicating a loss in vacuum filtration and during 
sample preparation. This shows the importance of increasing 
the sample pH with NaOH to change all the sulphide to the 
HS- form.

From the above, it can be concluded that at high pH (≥10.0), 
there is negligible loss in ST during vacuum filtration while 
at low pH (7.13), there is considerable loss (~ 25%) in ST. 
Moreover, the 96 to 99% ST recovery at high pH proves there is 
negligible sulphide (≤ 4%) loss in the COD test itself.  

Alkalinity and volatile fatty acids (VFA) 
measurement in a mixed weak acid/base system

The measurement of alkalinity and VFA in a mixed weak acid/
base system with sulphide species present can also result in 
error if the usual methods are applied without due considera-
tion. In this research, alkalinity (H2CO3* alk) and VFA were 
measured using the 5-point titration (Moosbrugger et al., 1992). 
The 5 pH point titration programme calculates the inorganic 
carbon alkalinity (H2CO3* alk) and the VFA concentration 
as separate outputs. The calculation procedure caters for the 
presence of sulphide (ST as mgS/ℓ). Should the sample contain 
ST, this value needs to be entered into the calculation procedure 
in order to determine the H2CO3* alk (mg/ℓ as CaCO3) and the 
VFA concentration (mgHAc/ℓ) correctly. Since ST measure-
ment was problematic and inaccurate (at the beginning of this 
investigation up to day 205), it was expected that the alkalinity 
and VFA measurements would also be affected and inaccurate. 
Accordingly, the effect of H2S loss in the vacuum filtration 
during sample handling on the total alkalinity, H2CO3* alk, Alk 
H2S and VFA (and Alk HAc) was investigated.

Some basic aquatic chemistry concepts on alkalinity 
in a mixed weak acid/base system

The effluent under investigation was made up of a mixture of 
weak acid/base subsystems, viz. carbonate (via the CO2 pro-
duction), ammonium (via the NH4

+ production from the N con-
tent of the PSS), phosphate (via the total phosphorus, PT present 
in the raw PSS), acetate (via the VFA generated from the 
hydrolysis of the PSS), sulphide (via the reduction of SO4

2-) and 
water. Because the total phosphorus (PT) concentration of the 
feed and the effluent was very low (~ 10 mgP/ℓ) compared with 
the other weak acid/base species concentrations, its effect on 
the total alkalinity, H2CO3* alk and VFA was negligible. Hence 
zero was entered for PT in the 5-pt titration programme – enter-
ing PT = 10 mgP/ℓ made negligible difference to the results. 
Because the pK value of ammonia (NT) at 9.1 is 2 pH units 
above the sample pH values, and the NT concentration very 
low compared with CT, ST and AT, the total inorganic nitrogen 
(ammonia) species concentration (NT) has no influence on the 
calculation of the H2CO3* alk and VFA concentrations, i.e. the 
NH4

+ alkalinity at pH 7.1 is zero (0). Therefore, the carbonate, 
sulphide and acetate subsystems largely dominated the weak 
acid/base chemistry and pH of the system and for simplicity, 
the phosphate and ammonium systems were not considered 
further in this investigation. The total alkalinity was therefore 
the sum of the H2CO3* alk (including the water system), the 
Alk HAc and the Alk H2S (each excluding the water system). 
The theoretical alkalinity equation for the 3 above subsystem 
alkalinities can be formulated from a proton balance equation 
(Loewenthal et al., 1989; 1991). Each subsystem forms a refer-
ence state (or equivalent solution) from which a reference level 
alkalinity equation can be developed, namely:

H2CO3* alkalinity =  {[HCO3
-] + 2[CO3

2-]} + {[OH-] - [H+]} 
         moles/ℓ                    (1)

Alk HAc = [Ac-]    moles/ℓ                    (2)

Alk H2S = 2[S2-] + [HS-]  moles/ℓ                    (3)

The total alkalinity is therefore the sum of the individual sub-
system alkalinities.

Total alkalinity = H2CO3* alk + Alk HAc + Alk H2S     
         moles/ℓ     (4)

Rearranging with the individual species gives:

Total alkalinity = 2[CO3
2-] + [HCO3

-] + [OH-] - [H+] + [Ac-]  
 + 2[S2-] + [HS-]           moles/ℓ     (5)

In the equations above, the nomenclature of Loewenthal et 
al. (1989) has been followed where alkalinity preceding the 

TABLE 3
Concentrations of ST from COD tests from a known solution of Na2S.9H2O

Theoretical 
ST (mgS/ℓ)

pH H2S (mgS/ℓ) HS- & S2-

(mgS/ℓ)  
Measured ST Loss of H2S 

and/or HS-

(mgS/ℓ)

% Recovery 
(measured/ 
theoretical)(mgCOD/ℓ) (mgS/ℓ)

404 11.83 0 404 796 398 6 98.6
600 12.16 0 600 1148 574 26 95.6
424 7.13 142 282 637 318 106 75.0

            Note: H2S and HS- are calculated from the sample pH and pKs1 of the H2S/HS- system.
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reference species (Alk H2S) excludes the water system whereas 
alkalinity following the reference species (H2CO3* alk) 
includes the water system.

Effect of H2S loss on the total and subsystem 
alkalinities

Since by definition, Alk H2S = 2[S2-] + [HS-], the [H2S] does 
not affect the alkalinity. Therefore, H2S loss during vacuum 
filtration causes no effect on the Alk H2S. Similarly, the total 
alkalinity will not be affected. The same applies to the carbon-
ate (inorganic carbon) system – CO2 loss does not affect the 
H2CO3* alkalinity). In order to demonstrate this, the UASB 
effluent samples and standard solutions were analysed for alka-
linity concentrations of all 3 subsystems (H2CO3* alk, Alk HAc 
and Alk H2S). Analytical Methods 1 and 3 were conducted to 
investigate the effect of H2S loss during vacuum filtration and 
sample handling on the effluent VFA and alkalinity concentra-
tions (total, H2CO3* alk and Alk H2S). Method 2 was not used 
because the NaOH added increases the alkalinity and this addi-
tional complexity was avoided for the alkalinity measurement 
part. Effluent samples were again taken from the liquid phase 
of the UASB reactor R1 and analysed for their alkalinities and 
VFA concentrations using Methods 1 (vacuum filtration with 
no NaOH addition for solid-liquid separation) and 3 (centrifu-
gation with polyelectrolyte addition for solid-liquid separation). 
The results of these analyses are shown below in Tables 4 and 
5. These tests were also done with standard ST, CT and AT solu-
tions which are described later.

Table 4 shows that the total system alkalinity and VFA 
measured from samples prepared from either Method 1 or 3 
are almost similar (3% difference). This confirms that H2S loss 
during sample preparation (namely vacuum filtration) does not 
affect the total system alkalinity. However, from Table 5, it can 
be seen that the subsystem alkalinities are affected by the loss 
of H2S. H2S loss causes a decrease in the total sulphide (ST) but 
increases the sample pH such that the loss of H2S would result 
in a lower H2S/HS- ratio, as per the equations below.

[H+] =   Ks[H2S]/[HS-]         (6)  
pH   =   -log(K′s[H2S]/[HS-])                       (7)

where:
K′s   =  10(-pK's) calculated from pKs and pK′s    (8)             
pKs  = equilibrium constant for H2S/HS- system 
  =  7.05 at 25oC (Lide, 2001)   
pK′s =  pKs adjusted for temperature, activity coeffi-
   cients and ionic strength = 6.833 at 35oC and
    7.014 at 20oC.

This increase in pH does not change the total system alkalinity 
(i.e. the sum of H2CO3* alk, Alk H2S and Alk HAc) but it does 
change the individual subsystems alkalinities, i.e., H2CO3* alk, 
Alk H2S and Alk HAc. This phenomenon is called ‘re-specia-
tion’ of the individual subsystem species and alkalinities and is 
described below.

With the loss of H2S, the sample pH increases, for instance:

Before vacuum filtration, ST1 = [H2S](1) + [HS-](1)
  and 

sample pH = 7.07
After vacuum filtration, ST2  = [H2S](2) + [HS-](2) and 
sample pH = 7.68 
ST2 < ST1   (ST1 - ST2 = loss of H2S during vacuum filtration)

However, [HS-](2) is lower than [HS-](1), as illustrated in the log 
species-pH diagram at the 2 pHs established (Table 6 and Fig. 1).

Table 6 shows the pH and sulphide species distribution 
before and after vacuum filtration. Particularly striking here is 
the decrease in [HS-] concentration at the pH established after 
vacuum filtration. In other words, the [HS-] concentration at pH 
7.68 (after vacuum filtration) is slightly lower than that before 
vacuum filtration (at pH 7.07) (Fig. 2). For simplicity, only the 
H2S/HS- system is illustrated in Fig. 2, since at a pH of 7.07 
and 7.68, the HS-/S2- system is not relevant because the [S2-] is 
negligible. 

This decrease in Alk H2S in mixed weak acid/base systems 
is not obvious from the principle that H2S (the reference spe-
cies) loss does not change Alk H2S. However, this principle 

TABLE 4
VFA and total alkalinities from Methods 1 (conventional) and 3 (polyelectrolyte treated) with ST=0 

entered into the 5-pt titration programme
Parameters Units Method 1 Method 3
ST into 5-pt titration programme mgS/ℓ 0 0
Sum of H2CO3* alk and Alk H2S with ST=0 in the programme mg/ℓ as CaCO3 2042.2 2122.2
VFA mgHAc/ℓ 181.3 174.1
Sample pH 7.68 7.07
Alk HAc mg/ℓ as CaCO3 150.9 144.5
Total alkalinity (Sum of H2CO3* alk, Alk H2S and Alk HAc) mg/ℓ as CaCO3 2193.1 2266.7

TABLE 5
VFA and total alkalinities from Methods 1 and 3 with measured ST from COD method entered 

into the 5-pt titration programme
Parameters Units Method 1 Method 3
ST into 5-pt titration programme mgS/ℓ 348.0 531.5a

H2CO3* alk with ST inserted in the programme mg/ℓ as CaCO3 1684.9 1628.6
Effluent pH 7.68 7.07
Alk H2S calculated from ST and pH mg/ℓ as CaCO3 476.1 525.9
VFA with ST in programme mgHAc/ℓ 170.0 165.0
Alk HAc mg/ℓ as CaCO3 141.5 137.0
Total alkalinity (Sum of H2CO3* alk, Alk H2S and Alk HAc) mg/ℓ as CaCO3 2302.5 2291.5

    a: Measured from Method 2 (NaOH addition before vacuum filtration)
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holds only if H2S (or any other weak acid/base system) is the 
only weak acid/base system in water. For mixed weak acid/
base systems, loss of one or more reference species does not 
change the total system alkalinity, but does change the indi-
vidual subsystem alkalinities, including the alkalinities of the 
system(s) which have lost reference species. This is demon-
strated below.

Considering a single weak acid/base system only such as 
the sulphide system in water, the total alkalinity is given by:

H2S alk =  2[S2-]  +  [HS-]  +  [OH-]  -  [H+]             (9)

The loss of H2S gas from this system (sulphide system only in 
water) does not affect the H2S alk, which is equal to the total 
alkalinity of the system.

Similarly for the carbonate system (H2CO3/HCO3
-/CO3

2-) 
only in water, the total alkalinity is the same as the H2CO3* alk, 
given by:

H2CO3* alk =  2[H2CO3]  +  [HCO3
-]  +  [OH-]  -  [H+] (10)

Accordingly, the loss of CO2 from the carbonate system does 
not affect the H2CO3* alk. 

Now, considering the mixed weak acid/base system with 
all the subsystems (carbonate, sulphide, acetate and water) 
present in the UASB BSR system, the loss of H2S and CO2 
should likewise not decrease the system total alkalinity since 
by definition, these species (i.e. [H2S] and [CO2] do not appear 
in the equation (Eq. (5)). However, the loss of H2S and CO2 
does change the subsystem alkalinities making up the total, and 
the sample pH. This change in pH will in turn affect the rela-
tive proportion of the various species of the individual subsys-
tems. For instance, the loss of H2S (and CO2) during vacuum 
filtration causes the pH to increase from 7.07 to 7.68 thereby 

re-speciating the H2S/HS- species of the sulphide subsystem, 
the H2CO3/HCO3

-/CO3
2- species of the carbonate subsystem and 

the HAc/Ac- species of the acetate subsystem. This re-specia-
tion of the individual subsystem species changes the individual 
subsystem alkalinities but the system total alkalinity remains 
unchanged.

Considering the sulphide subsystem and analysing the 
changes with loss of H2S (and consequent sample pH) gives 
more insight into the phenomenon of re-speciation and its effect 
on subsystem alkalinity (Fig. 2).

At pH 7.07 and ST = 531.5 mgS/ℓ, the [HS-] = 336.6 mgS/ℓ  
 and [H2S] = 194.9 mgS/ℓ;

Alk H2S = [HS-] = 525.9 mg/ℓ as CaCO3.

After vacuum filtration and sample handling, the pH increases 
to 7.68 due to the loss of H2S and ST = 348.0 mgS/ℓ. The new 
[HS-] = 304.7 mgS/ℓ and [H2S] = 43.3 mgS/ℓ;

Alk H2S = 476.1 mg/ℓ as CaCO3.

From the above, there is a loss in Alk H2S when moving from 
pH 7.07 to 7.68 even though one expects the concentration 
[HS-] to increase at a higher pH (7.68) to keep the total alkalin-
ity constant. Had sulphide been the only system in the sample, 
this would have been the case. However, in a mixed weak acid/
base system, the other subsystems present (in this case the 
carbonate and acetate subsystems) compensate for the loss of 
one subsystem alkalinity by re-speciation of their individual 
species to maintain the system total alkalinity unchanged. 
Accordingly, both the H2CO3* alk and Alk HAc concentrations 
increase to compensate for the lower Alk H2S (Table 6).  To 
illustrate these changes in subsystem alkalinities, the relevant 
alkalinity-acidity-pH equilibrium diagrams with the total spe-
cies concentration are shown in Figs. 2 to 4. 

In Figs. 2 to 4, Point 1 indicates the concentrations of 
the subsystem alkalinity and acidity and the total subsystem 
species (all in mg/ℓ as CaCO3) for the pH 7.07, that is before 
vacuum filtration. Likewise, Point 2 indicates the new con-
centrations at the new pH 7.68 established after vacuum filtra-
tion. It can be seen that the subsystem alkalinities change with 
the change in pH after vacuum filtration, with H2CO3* alk 
and Alk HAc increasing and Alk H2S decreasing. However, 
the net effect of these changes keeps the sum of the 3 sub-
system alkalinities (= total alkalinity) unchanged (Table 5). 
This phenomenon of re-speciation of subsystem alkalinities 
takes place in mixed weak acid/base systems (Loewenthal et 
al., 1989). Therefore, interpretation of subsystem alkalinities 
should be made with the correct understanding of subsystem 
species redistribution with changes in pH. This is in fact what 
the 5-pH point titration method is based on and shows the 
importance of entering the correct ST value into the 5-pH point 
titration programme to obtain the correct H2CO3* alk and VFA 
concentrations. This underlines the importance of obtaining 

TABLE 6
Speciation of sulphide species before and after vacuum filtration

ST (mgS/ℓ) pH H2S (mgS/ℓ) HS- (mgS/ℓ)
Before (1) 531.5 7.07 194.9 336.6
After (2) 348.0 7.68 43.3 304.7
Loss of H2S or HS- (mgS/ℓ) 183.5b 151.6 31.9

     b Loss of H2S during vacuum filtration
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Figure 1
Log species-pH diagram of the sulphide system at 2 pH values 

(7.07 and 7.68)
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accurate ST values from the experimental systems in order to 
obtain accurate H2CO3* alk and VFA concentrations. The small 
change in AT (from 137.5 to 141.7 mg/ℓ as CaCO3 in Fig. 4) is 
due to experimental error in the titration procedure.

An observation from Fig. 3 is that CT (at Point 1 in Fig. 3) 
also decreases due to loss of CO2 during vacuum filtration. 
From the post filtration pH and H2CO3* alk, the new CT (CT line 
at Point 2 in Fig. 3) can be determined and the loss of CO2 due 
to vacuum filtration quantified.

Apart from validating that the total alkalinity remains 
constant when adding or losing a reference species to a mixed 
weak acid/base system, it also drew attention to specific points 
in the sample collection, handling and analyses procedures to 
obtain accurate results, namely:
• Accurate sulphide (ST) concentrations must be entered 

into the 5-pH point titration programme to obtain accurate 
H2CO3* alk and VFA concentrations

• Sulphide loss in the sulphide determination with the COD 
test must be minimised by immediately raising the pH 
above 10 at sample collection. Then the sample can be 
vacuum membrane filtered.

• Once ST is accurately known, H2S and CO2 loss during 
sample standing, vacuum filtration and the 5-point titration 
method does not affect the accuracy of the results.

From the above, it is only for the accuracy of the ST determina-
tion with the COD test that H2S loss has to be avoided. CO2 loss 
at any stage of the analysis procedure does not affect the results 
because the 5-point titration is in fact conducted to charac-
terise the carbonate system with the H2CO3* alk (which is not 
affected by CO2 loss) taking due consideration of the presence 
of the other weak acid/base systems.

Attempt to develop a 7-pH point titration procedure 
for estimating ST 

To possibly obviate measuring H2S with the COD test, an 
attempt was made to estimate ST from a 7-pH point titration 
method using a standard solution of sulphide prepared from 
Na2S.9H2O. During the titration procedure, on addition of 
the HCl acid, H2S gas escaped from the sample even though 
maximum precaution was taken during gentle stirring of the 
sample and acid addition. It seems to be practically unfeasible 
to prevent the loss of H2S from the sample during titration, 
because the acid added will decrease the pH to lower than the 
first pK value of the sulphide system (pKs1 H2S/HS- = 7.05 at 
25oC). Lowering the pH due to acid addition will increase the 
H2S concentration with respect to the HS- concentration and 
inevitably result in H2S species escaping from the sample even 
with very gentle stirring. As a consequence, ST is decreased 
during the titration and so will be incorrectly estimated by the 
programme. The ST concentration was also measured using 
the COD test (with Method 2 approach) and was found to be 
about 40% less at a pH of 6.7 (after acid addition) than the 
original ST (ST in the standard solutions prepared with initial 
pH 12.1) giving additional evidence of H2S loss during the 
titration procedure. It was concluded that ST would have to be 
determined separately by the COD test as explained in Method 
2 (NaOH treated) above.  With 4 mixed weak/acid base sys-
tems (sulphide, carbonate, acetate and water), 4 measurements 
are required to speciate the water – usually ST for sulphide, 
pH for water, H2CO3* for carbonate and VFA for acetate, the 
last 2 measurements with the 5-pt titration method. Because 
this approach (whether 5- or 7-pt) allows only one unknown 
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Alkalinity-acidity-pH equilibrium diagram with total acetate 

species (AT) concentration lines

Figure 3
Alkalinity-acidity-pH equilibrium diagram with total carbonate 
species (CT) concentration lines (Note:  H2CO3* alk  +  CO3

2- 
acidity  =  2 CT)

Figure 2
Alkalinity-acidity-pH equilibrium diagram with total sulphide 

species (ST) concentration lines
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system to change during the titration, this could be either the 
carbonate or the sulphide, but not both. The 5-pt titration pro-
gramme could be modified to determine the sulphide and VFA 
concentrations, but then the total inorganic carbon concentra-
tion would need to be known.  This can be done by inorganic 
carbon analyser, but this defeats the objective of developing 
simple and inexpensive wet chemical methods for operation 
and control of anaerobic systems.   

Conclusion

This paper describes the reasons for poor COD and sulphur 
mass balances due to sulphide loss during vacuum filtration of 
the UASB reactor effluent samples. Three analytical methods 
were investigated to minimise the loss of un-dissociated H2S 
during sample preparation (viz. vacuum filtration, dilution, 
mixing and sample standing). Method 1 which is the Standard 
Methods (1985) COD test method resulted in poor S mass bal-
ance (64 to 75%) due to loss of H2S during sample preparation, 
mainly vacuum filtration. The total effluent COD concentra-
tion measured on unfiltered effluent samples (i.e. no vacuum 
filtration) also indicated a loss in H2S during sample dilution, 
mixing and standing as shown by the relatively lower COD 
mass balance (~ 92%).  Method 2, in which 3 drops of 10 M 
NaOH are added immediately upon effluent sample collection 
to raise the pH to >10 retains all the sulphide by converting the 
un-dissociated H2S into the HS- species. In so doing, minimal 
sulphide is lost during sample handling including vacuum 
filtration. Results of the COD and S concentrations obtained 
from the COD test based on Method 2 showed a marked 
improvement in the COD and S mass balances (97% and 92 
to 95% respectively).  Method 3, in which a polyelectrolyte is 
added to the effluent sample to improve solid-liquid separa-
tion with centrifugation and so avoid the vacuum filtration 
step did improve the S mass balance with respect to Method 1 
(91% against 75% without long sample standing time and 88% 
against 65% with long sample standing time). However, S mass 
balance with Method 3 is still low when compared with Method 
2 (86 to 91% against 92 to 95%). Method 2 (samples treated 
with NaOH to prevent loss of H2S) is therefore recommended 
to accurately measure ST and achieve close to 100% COD and S 
mass balances.

In addition, attempts were also made to investigate the 
effects of pH changes due to sulphide loss on system alkalini-
ties and species distribution as determined with the 5-pH point 
titration method. For this procedure, H2S (and CO2) loss does 
not influence the accuracy of the results provided accurate 
ST (from Method 2) concentration is entered into the titration 
calculation procedure. Entering inaccurate ST concentrations 
will not affect the accuracy of the total alkalinity but the sub-
system alkalinities and VFA concentrations will be incorrect. 
With accurate H2CO3* alkalinity concentration measurement, 
the opportunity exists for measuring the carbon content of the 
biodegradable organics. Most organics are carbon deficient for 
biological sulphate reduction in the sense that they can donate 
more electrons than supply CO2 for the alkalinity change. 

All the CO2 released from the utilisation of organics therefore 
remains in solution as HCO3

- and can be measured with the 5-pt 
titration method allowing the C mass balance to be closed with-
out the complexity of gas flow and composition measurement 
with methanogenic systems (results will be presented in Part 5, 
currently in preparation by Poinapen and Ekama). 

To investigate measuring the sulphide also with the 
titration procedure, development of a 7-pt titration method 
was explored.  The titration principle requires that only one 
unknown subsystem total species concentration changes during 
the titration. Both H2S and CO2 loss were observed to be sig-
nificant during titration so either the total inorganic carbon or 
the sulphide is required for accurate results from this approach.  
Because a simple wet chemical method exists for the total 
sulphide via the COD, the 5-pt titration method (Moosbrugger 
et al., 1992) in its current form is best. 
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