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SUMMARY 

The present research report documents an investigation on anaerobic treatment of 
industrial filter sludge, generated from electrolyte filters at Eka Chemicals, Sundsvall. 
The goal was to assess the potential of anaerobic systems to reduce hexavalent chromium 
(Cr(VI)) and chlorate in filter sludge leachate. The experiments were performed at 
laboratory scale. In total, three factors were investigated, viz. amount of leachate, yeast 
and inoculum. Their arrangement corresponded to a two-level full factor design with two 
centrepoints and a replication.  

Based on a statistical evaluation it was concluded that anaerobic treatment is a very 
promising technique to remediate filter sludge. Microbial activity led to a reduction of 
Cr(VI) and chlorate. Furthermore, chromium was separated from the solution and 
immobilized. The presented technique is reliable and is expected to be economic. It can 
compete with common chemical treatment processes for Cr(VI)-bearing wastes. The 
knowledge derived from this laboratory investigation facilitates the implementation of a 
pilot-scale process in order to (1) improve the process, (2) perform an economical 
evaluation and (3) scale up for routine operation. The technique is promising for different 
kinds of Cr(VI)- and chlorate-bearing wastes, besides filter sludge also for e.g. landfill 
leachate and contaminated soil. 
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SAMMANFATTNING 

Denna forskningsrapport dokumenterar en undersökning om anaerob behandling av 
filterslam som genereras från ett elektrofilter vid Eka Chemicals, Sundsvall. Målet var att 
uppskatta de anaeroba systemens potential att reducera både sexvärt krom (Cr(VI)) och 
klorat i lakvatten från filterslam. Satsvisa experiment genomfördes i laboratorieskala. 
Sammanlagt undersöktes tre faktorer; dessa är mängd av lakvatten, jäst och ymp. 
Försöken genomfördes i en fullfaktordesign med två nivåer, två medelpunkter och en 
omtagning för varje observation.  

Baserad på en statistisk utvärdering bedöms anaerob behandling av filterslam som en 
mycket lovande metod att nå miljöanpassade produkter. Mikrobiologisk aktivitet ledde 
till en reduktion av både Cr(VI) och klorat. Dessutom separerades krom från vattenfasen 
och fastlades i fastfasen. Den utprövande tekniken är tillförlitlig och förväntas vara 
ekonomisk hållbar. Den kan konkurrera med traditionella kemiska behandlingsprocesser 
för Cr(VI)-haltigt avfall. Kunskapen som erhölls från denna laboratorieundersökning är 
tillräcklig för att planera en process i pilotskala. I en pilotanläggning (1) kan processen 
förbättras, (2) en ekonomisk bedömning genomföras och (3) uppskalning av processen 
studeras. Tekniken är lovande för olika slags Cr(VI)- och klorathaltigt avfall, förutom 
filterslam även för t ex deponilakvatten och förorenad mark. 
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LIST OF ABBREVIATIONS 

 AAS....... atomic absorption spectroscopy 
 BMP....... biochemical methane potential 
 ClO3- ....... chlorate 
 ClO3, e ....... final chlorate 
 Cr(III) ....... trivalent chromium 
 Cr(VI) ....... hexavalent chromium 
 Cr(VI)e ....... final hexavalent chromium 
 Crtot ....... total chromium 
 Crtot, e ....... final total chromium 
 EH°....... standard potential of a reduction half-reaction 
 I ....... inoculum 
 ICP-MS....... inductively coupled plasma mass spectrometry 
 K ....... equilibrium constant 
 L....... leachate 
 obs. ....... observation 
 pH....... negative logarithm of proton activity 
 pH0....... initial pH after treatment with carbon dioxide 
 pKa....... negative logarithm of the equilibrium constant of an acid 
 S....... set 
 Vs....... gas volume sorbed with 1 M NaOH 
 Vtot ....... total gas volume 
 Y....... yeast 
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1   INTRODUCTION 

In natural environments compounds of chromium appear in the trivalent (Cr(III)) and in 
the hexavalent (Cr(VI)) state. Compounds of both oxidation states are identified as toxic 
pollutants, causing e.g. cancer, mutations or allergies 

[Laveskog, Lindskog et al. 1976; Tandon, Saxena 
et al. 1978; Balsberg-Påhlsson, Lithner et al. 1982; Lithner 
1989] . However, Cr(III) is less toxic which is 
probably due to the fact that cell membranes appear to be quite impermeable to most 
Cr(III) complexes [Connett & Wetterhahn 1983; 
Simkiss & Taylor 1995]  

Present most common options to treat Cr(VI)-bearing effluents are based on chemical and 
physico-chemical processes, applying reducing reagents. First, the highly soluble Cr(VI) 
is reduced to trivalent chromium (Cr(III)), and secondly Cr(III) is precipitated 

[ATV 1985; Beszedits 1988; Hartinger 1991; 
Hansson 1994; Patterson, Gasca et al. 1994] . The 
effectiveness of both steps is pH dependent which often requires a further addition of 
chemicals. The clear drawbacks of these techniques are the necessity of (expensive) 
chemicals and the generation of large amounts of sludges. 

Research performed at The Landfill Group [Ecke 
& Lagerkvist 1993]  as well as at other laboratories 

[Ohtake, Fujii et al. 1990b; DeFilippi 1994; Fujie, 
Tsuchida et al. 1994]  let us conclude that an 
anaerobic reactor, operated with a mixed culture of microorganisms can be adapted to 
high loadings of chromium. Reducing conditions in the reactor could lead to a 
detoxification and immobilization of Cr(VI) by formation of poorly soluble Cr(III) 
compounds.  

Regarding Cr(VI)-bearing filter sludge, generated from the electrolyte filters at Eka 
Chemicals (Sundsvall), admixtures of strongly oxidizing chlorate were found. In Sweden 
some research has been performed on the anaerobic reduction of chlorate in pulping 
bleach effluents [Ek, Heyman et al. 1992; 
Malmqvist, Gunnarsson et al. 1993] . However, the 
simultaneous anaerobic reduction of both, Cr(VI) and chlorate, has not been studied. 

The present paper aims at investigating the potential of an anaerobic system to remediate 
Eka Chemicals' electrolyte filter sludge, hereafter named filter sludge. The goals were 
twofold. First of all, Cr(VI) should be reduced to Cr(III) and immobilized. This process 
might be described by the following reaction: 

 CrO4
2− + 4 H2O + 3 e− → Cr(OH)3 ↓ + 5 OH− EH

o = −110 mV (1) 
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The solubility product of precipitated Cr(III) hydroxide is tabulated 
[Smith & Martell 

1976] : 

 Cr(OH)3 ↔Cr3+ + 3 OH− K = 10−30  (2) 

Second, it was striven for the reduction of chlorate. Malmqvist and Welander 
[1992]  

proved that bacteria use chlorate as electron acceptor for oxidation of organic matter. E.g. 
chlorate is decomposed to chloride while acetic acid is consumed: 

 ClO3
− + 0.75 CH3COOH → Cl− + 1.5 CO2 + 1.5 H2O  (3) 

Before anaerobic treatment the leachate was neutralized and stabilized in pH, because the 
control of pH is of utmost importance for biological reactions. Then the leachate was 
treated in small-scale anaerobic systems. Experiments were run in the batch mode on a 
lab-shaker. The following factors were examined:  

• amount of leachate, 
• yeast and  
• inoculum.  

Inoculum provides the anaerobic bacteria whereas yeast is thought to serve as carbon as 
well as nutrient source for these bacteria.  

According to the literature, also factors as pH, sulfate concentration, temperature and 
redox potential might affect the anaerobic treatment 

[Ohtake, Fujii et al. 1990a; Revis, Elmore et al. 
1991; Fujie, Tsuchida et al. 1994; Ohtake & Silver 1994; Wang & Shen 
1995] . However, these factors were controlled at 
moderate levels and have not been varied. Later, when aiming at improving the anaerobic 
treatment procedure it might be useful to investigate also these variables. 

 

2   APPARATUS, MATERIAL AND METHODS 

2.1   Apparatus 

Laboratory apparatus as follows were used for the experiments: 

• Spectrophotometer: Shimadzu UV-visible recording spectrophotometer, UV-160A 
• pH-electrode: Corning pH-meter M145, always set with two-point calibration 
• Centrifuge: Beckman, model J2-21 
• Lab-shaker: Adolf Kühner AG, Basel, Switzerland, run at 80 rpm 

2.2   Material 
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2.2.1   Filter sludge leachate 

The filter sludge is a waste generated from the electrolyte filters at Eka Chemicals in 
Stockvik, Sundsvall. Filter sludge leachate was generated according to the standard 
leaching test DEV S4 [DIN 
1984] . 1 l de-ionized water was added to 100 g dry 
substance weight of filter sludge. The sample had been leached for 24 h in a 2 l 
polyethylene vessel fixed on a rotating machine with a rotational frequency of 0.5 min-1. 
The supernatant eluate was separated from solid particles by centrifuging. 

 

 

2.2.2   Inoculum, yeast and admixtures 

Inoculum was sampled from the anaerobic digestor at the municipal wastewater treatment 
plant of Skellefteå, Sweden. 

Two stock solutions of yeast extract and ammonium acetate were prepared, containing 10 
g l-1 and 8 g l-1, respectively. 

2.3   Methods 

2.3.1   Analysis 

The analysis of Cr(VI) was performed according to the colorimetric method developed at 
Eka Chemicals which is based on a standard method 

[Franson 
1992] .  

Samples were analyzed for Crtot and chlorate at the laboratory of Eka Chemicals by AAS 
and chromatography, respectively. 

Total decomposition of solids was performed corresponding to the nitric acid-sulfuric 
acid digestion described by Franson 

[1992] .  

Dry matter and ignition residue were determined according to a modified method of the 
Swedish Standard [SS 
1981] . Empty bowls were prepared by glowing for 
an hour at 775°C and cooled in an desiccator for a day before the tests were done. For 
each analysis three samples were taken. They were dried at 105°C for 24 hours and 
cooled to room temperature in an desiccator for one hour. Then the dry matter was 
determined. Afterwards, glowing was done at 775°C for 1 hour. The samples were cooled 
in an desiccator for 2 hours. In the bowls the ignition residue was left. 
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Elemental analysis on raw filter sludge leachate was performed by ICP-MS at the 
laboratory of SGAB, Luleå. These data were derived from earlier pre-investigations made 
by Anders Bergman 

[1996] . The 
leachate was generated by the DEV S4 test described above. 

2.3.2   Experimental design 

When deciding on an experimental design for the anaerobic treatment of filter sludge, we 
did not know much about the mechanistic model describing physical, chemical and 
biological reactions taking place. Aiming at developing an empirical model we decided to 
run a simple batch approach at lab-scale with limited ranges of the factors leachate (L), 
inoculum (I) and yeast stock solution (Y). 

A 23 full factor design with two centrepoints was applied 
[Box, Hunter et al. 

1978] . It is illustrated in table 4. The lowest level (-
) for all of the three factors was set to a concentration of 0; thereby it should be 
investigated, if a response is due to any single factor or to any of their interactions. The 
samples are so-called blind trails. 

The highest levels (+) for the factors L and I were set to 10% and 50%, respectively. 
These levels seem to be reasonable with respect to a full-scale continuous biological 
process with recirculation or immobilization of biomass. Yeast was supposed to serve as 
carbon and nutrient source. Based on experiences made from earlier biochemical methane 
potential (BMP) assays [Chen, Ecke et al. 
1995]  we set the maximum concentration of yeast 
to 2 g l-1 , i.e. 20% of stock solution. This level is related to the maximum concentration 
of inoculum and was thought to be reasonable to ensure the growth of the 
microorganisms. Centre points are set to half the maximum value of each factor. Table 1 
summarizes the relative concentrations by volume chosen for the factors of the 
experimental design. 10 vol.-% of ammonium stock solution was added to each sample. 
De-ionized water was used to fill the samples up to 100%. 

Table 1 Factors and levels of the experimental design with their respective relative 
concentrations by volume. 

factor abbreviation   level [vol.-%]  

  - 0 + 
leachate L  0 5 10 
inoculum I  0 25 50 
yeast stock solution Y  0 10 20 

The samples were filled into 250 ml glass bottles and carbon dioxide was blown through 
the solution until the pH value was constant (pH0). Then the bottles were closed airtightly 
with a rubber membrane and mixed gently on a lab-shaker at 30°C for five days. During 
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this time the generated gas volume (Vtot) was measured once a day with a glass piston. 
All samples were treated simultaneously. 

After the course of experiment the final pH (pHe) was measured. Liquid-solid separation 
was performed by centrifuging. The liquid phase was analyzed for Cr(VI) (Cr(VI)e), Crtot 
(Crtot, e), and chlorate (ClO3, e). A total decomposition was performed on the solid phase. 
The solution obtained was analyzed for Crtot. 

After set A was finished, we decided to replicate the run with set B taking into 
consideration the experiences made. The two sets A and B differ as follows: While 
performing set A with a total sample volume of 100 ml, which was quite little for the 
analyses, we used 150 ml sample volume in set B. The amount of gas which is sorbed by 
1 M sodium hydroxide solution (Vs) was only determined for set B samples. Vs was 
supposed to be mainly carbon dioxide generated by biological degradation of organic 
matter. Due to strong interferences obtained in set A the solid phase was not analyzed for 
Crtot in the second set. For the preparation of the set B samples fresh inoculum and filter 
sludge leachate were used. 

The samples of a set were prepared and analyzed in random order. 

 

3   RESULTS 

3.1   Data compilation 

Elemental analysis results of filter sludge leachate are given in table 2. The leachate was 
generated from another subsample of filter sludge than the leachate applied for anaerobic 
treatment. Although using the same leaching procedure the values might differ somewhat 
between the subsamples. 

Table 2 Elemental analysis of filter sludge leachate. 

element concentration [ppm] 

Al 0.533 
As 0.0131 
Ba 0.0517 
Ca 2 
Cd 0.0006 
Co 0.0025 
Cr 44.8 
Cu 0.05 
Fe 13.1 
Hg 0.118 
K 98 
Mg 1.42 
Mn 0.0533 
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Na 3940 
Ni 0.016 
Pb 0.0286 
S 89.6 
Zn 0.182 

Further characterization of filter sludge leachate was performed on leachate which was 
applied for the respective set of experiment (table 3). Crtot does not differ very much 
between set A and set B. In contrast, both values amount only to about one fourth of the 
concentration given by the elemental analysis of Cr in table 2. This is probably due to 
variation in filter sludge composition. The sample applied for the elemental analysis was 
taken about three years before the sample which yielded table 3. 

It may be stated that the characteristics listed in table 3 do not differ conspicuously 
between the two sets. The leachate has a low proton activity of about pH 11. The 
concentration of chromium is in the range of 10 to 11 ppm. It appears to a great extent in 
the oxidized hexavalent state. For set A the analysis of Cr(VI) yielded even a higher 
concentration than the analysis of Crtot. However, this must be attributed to measuring 
accuracy. The concentration of chlorate is about 5.6 g l-1. Dry matter and ignition residue 
are lower than 1% and about 50% of dry matter, respectively.  

Table 3 Characterization of filter sludge leachate (L), inoculum (I) and yeast stock 
solution (Y) applied for set A and B. 

analysis unit L  I Y 

  set A set B  set A set B set A set B

pH [-] 10.71 10.85     
Cr(VI) [ppm] 10.41 10.30     
Crtot [ppm] 9.9 10.8     
chlorate [g l-1] 5.6 5.5     
dry matter [%] 0.78 0.75 3.28 2.63 0.91 0.85
ignition residue [% dry matter] 53.6 54.3 36.18 33.25 13.48 14.48

 

Table 4 Experimental design, initial sample pH and data obtained after five days of 
treatment. 

  factors*  responses after five days 

obs.  S L I Y pH0 Vtot Vs Cr(VI)e Crtot, e ClO3, e pHe 
      [-] [ml] [ml] [ppm] [ppm] [ppm] [-] 

1  A + + +  6.50  68 n.a. 0.167 <0.1 <100 6.40
2  B + + +  6.68  87 54 0.172 <0.1 300 6.55
3  A - + +  6.46  101 n.a. 0.161 <0.1 <100 6.57
4  B - + +  6.26  121 78 0.128 <0.1 <100 6.60
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5  A + - +  5.24  14 n.a. 0.068 0.9 570 5.25
6  B + - +  5.44  13 10 0.016 1.1 490 5.19
7  A - - +  5.30  9 n.a. 0.081 <0.1 <100 5.26
8  B - - +  5.35  13 9 0.020 <0.1 <100 5.20
9  A + + -  6.23  5 n.a. 0.055 <0.1 <100 6.31

10  B + + -  6.53  0 0 0.156 <0.1 440 6.35
11  A - + -  6.43  19 n.a. 0.074 <0.1 <100 6.45
12  B - + -  6.69  28 17 0.112 <0.1 <100 6.46
13  A + - -  5.22  7 n.a. 0.976 0.9 569 5.19
14  B + - -  5.46  0 0 0.952 1.1 540 5.12
15  A - - -  5.16  10 n.a. 0.005 <0.1 <100 5.18
16  B - - -  5.16  0 0 0.005 <0.1 <100 5.12
17  A 0 0 0  6.10  27 n.a. 0.054 <0.1 <100 6.24
18  B 0 0 0  6.34  8 5 0.224 <0.1 180 6.19
19  A 0 0 0  6.09  27 n.a. 0.055 <0.1 <100 6.24
20  B 0 0 0  6.46  3 2 0.084 <0.1 180 6.17

* S: set, L: leachate, I: inoculum, Y: yeast 
indices 0: initial value, tot: total amount, s: sorbed in NaOH, e: final concentration/activity 
n.a. not analyzed 

Both, inoculum and yeast solution are low in dry matter, i.e. 3% and 1%, respectively. 
The low ignition residue of about 35% (I) and 14% of dry matter (Y) indicates a high 
amount of organic material. 

Table 4 presents a compilation of the most important data derived from the single 
samples. The statistical evaluation of these data is subject of the next paragraph. Crtot 
after digestion of the solid phase is not recorded. The analysis failed due to strong 
interferences which could not be eliminated. 

3.2   Statistical evaluation 

The experimental designs of set A and B are identical. Nevertheless, for the statistical 
evaluation blocking of the two data sets is necessary because they might be derived under 
different conditions. E.g. the time lag required new inoculum, which might have had 
different qualities. In addition, the filter sludge leachate applied for the two sets was 
achieved from two leachings. Maybe the quality of leachate varied from set A to B.  

For the evaluation below it is assumed that the responses do not interact. Furthermore, for 
all calculations the detection limit was used as lower limit. 

3.2.1   Residual hexavalent chromium (Cr(VI)e) 

Major attention of this investigation was directed to Cr(VI). Unfortunately, we observed 
that the colorimetric analysis of Cr(VI) was interfered by inoculum and yeast. Even 
samples containing exclusively inoculum and / or yeast yielded positive responses for 
Cr(VI) (see table 4, e.g. observation 3).  
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Table 5 compiles the estimated effect and the coefficient with standard error for each 
factor and its interactions. Regarding a significance level of 1% blocking may be 
neglected (probability>0.01), i.e. set A and B yielded similar results for the respective 
samples. In contrast, neither main effects (L, I and Y) nor any interaction may be 
regarded as noise. Furthermore, the calculations show that there is significant evidence 
for curvature (probability>0.01). By analysis of residual plots, we observed that the 
introduction of the square of L (L2) yields the best fit. The following empirical model is 
suggested: 
 

Cr(VI)e = 0.104 
 + 0.113 L - 0.063 I - 0.087 Y  
 + 0.078 L2 
 - 0.096 L I - 0.101 L Y + 0.104 I Y  
 + 0.095 L I Y 

The residuals of this model yield a straight line in the normal probability plot (figure 1), 
i.e. the residuals seems to be normal distributed. The model might be a good 
approximation of the data set. 

 

Table 5 Estimated effects and coefficients with standard error for Cr(VI)e. 

term effect coefficient ± std.error probability 

constant  0.1782 ±0.0159 0.000 
blocking  -0.0087 ±0.0159 0.597 
L 0.2470 0.1235 ±0.0178 0.000 
I -0.1373 -0.0686 ±0.0178 0.003 
Y -0.1903 -0.0951 ±0.0178 0.000 
L*I -0.2283 -0.1141 ±0.0178 0.000 
L*Y -0.2388 -0.1194 ±0.0178 0.000 
I*Y 0.2480 0.1240 ±0.0178 0.000 
L*I*Y 0.2450 0.1225 ±0.0178 0.000 
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Figure 1 Normality test on standardized residuals of the Cr(VI)e-model. 

The 23 factorial design is illustrated as a cube in figure 2. The number in each corner is an 
estimate for Cr(VI)e calculated by the model. With one exception L has a low influence 
on the Cr(VI)e values when I and Y are constant. Only when both I and Y are at low 
level, the addition of L leads to the increase of Cr(VI)e by 0.810 ppm which is near the 
maximum concentration of a sample. This means that as well inoculum as yeast cause an 
entire removal of Cr(VI) from the solution. On the other hand, the concentration of 
Cr(VI)e is not affected if both are absent. Numbers given in the plane defined by low L 
are estimates of I and Y analysis interferences. 

+0.022

+0.026

+0.046

+0.810

L

Y

I

 
Figure 2 Cr(VI)e data calculated by the model and displayed geometrically. The centre 

point is not included. 

Graphic mapping of Cr(VI)e data is yielded by response surface modeling (figure 3). It 
visualizes the fitted second-order model for leachate concentration at the highest level (L 
= 10 vol.-% = constant), i.e. the influence of the input variables I and Y on the final 
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Cr(VI) concentration is shown. Here it is clearly seen that both I and Y remove Cr(VI) 
from the solution. However, we have to keep in mind that the diagram is an estimation for 
Cr(VI)e values over the specified I-Y-region. Only five points of the surface (four corners 
and the centrepoint) are based on measurements. In addition, no statements can be made 
for concentration levels outside the defined ranges. 
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Figure 3 Response surface plot of Cr(VI)e for L at the highest level (L = 10 vol.-%). 

3.2.2   Residual total chromium (Crtot, e) 

Total chromium remaining in solution (Crtot, e) was analyzed after five days anaerobic 
treatment. The estimated effects and the coefficient with standard error were calculated 
for each variable and its interactions. From table 6 it is seen that at a 1% significance 
level only inoculum and its interaction with leachate have a negative effect on Crtot. 
Subsequently, it may be stated that the removal of Crtot is solely due to the existence of 
inoculum. 

At 99% confidence blocking may be neglected, because it cannot be distinguished from 
noise, i.e. with respect to Crtot the sets A and B behave similar. 

Table 6 Estimated effects and coefficients with standard error for Crtot, e. 

term effect coefficient ± std.error probability 

constant  0.280 ±0.030 0.000 
blocking  0.020 ±0.030 0.515 
L 0.450 0.225 ±0.033 0.000 
I -0.450 -0.225 ±0.033 0.000 
Y 0.000 0.000 ±0.033 1.000 
L*I -0.450 -0.225 ±0.033 0.000 
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L*Y -0.000 -0.000 ±0.033 1.000 
I*Y -0.000 -0.000 ±0.033 1.000 
L*I*Y 0.000 0.000 ±0.033 1.000 

3.2.3   Residual chlorate (ClO3, e) 

At a significance level of 1% L, I and L*I are identified as terms influencing the 
concentration of chlorate (probability < 0.01, table 7). Inoculum and its interaction with 
leachate have a negative effect on the concentration of chlorate. Obviously, the removal 
of chlorate is strongly and exclusively correlated to biological activity of inoculum. 

Table 7 Estimated effects, coefficients with standard error, t-value and probability for 
residual chlorate (ClO3, e). 

term effect coefficient ± std.error t-value probability 

constant  0.223 ±0.022 10.22 0.000 
blocking  0.030 ±0.022 1.35 0.204 
L 0.289 0.144 ±0.024 5.90 0.000 
I -0.154 -0.077 ±0.024 -3.14 0.009 
Y -0.024 -0.012 ±0.024 -0.48 0.638 
L*I -0.154 -0.077 ±0.024 -3.14 0.009 
L*Y -0.024 -0.012 ±0.024 -0.48 0.638 
I*Y -0.011 -0.006 ±0.024 -0.23 0.820 
L*I*Y -0.011 -0.006 ±0.024 -0.23 0.820 

3.2.4   Total generated gas volume (Vtot) and gas sorbed with NaOH (Vs) 

Vtot is supposed to indicate biological activity. This assumption is supported by the 
statistical evaluation of Vtot data. It reveals that gas generation is strongly due to both an 
addition of inoculum as well as an addition of yeast (table 8). The positive interaction 
effect I*Y indicates a synergistic effect of inoculum and yeast on Vtot.  

It is also interesting to determine whether leachate inhibited biological reactions, i.e. if 
there is any negative effect on Vtot caused by leachate. Whether at a 1% nor at a 5% 
significance level the main effect L was significantly different from 0 (probability = 
0.051 > 0.05 > 0.01). However, the estimated effect is negative. 

Also for this response the blocking effect can be neglected. 

Table 8 Estimated effects, coefficients with standard error, t-value and probability for 
Vtot. 

term effect coefficient ± std.error t-value probability 

constant  27.9 ±2.7 10.18 0.000 
blocking  -0.8 ±2.7 -0.28 0.786 
L -13.4 -6.7 ±3.1 -2.18 0.051 
I 45.5 22.7 ±3.1 7.41 0.000 
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Y 44.5 22.2 ±3.1 7.25 0.000 
L*I -13.9 -7.0 ±3.1 -2.27 0.045 
L*Y -2.2 -1.1 ±3.1 -0.35 0.732 
I*Y 36.7 18.4 ±3.1 5.98 0.000 
L*I*Y -4.2 -2.1 ±3.1 -0.68 0.512 

The generated gas volume was recorded once a day for each sample. Figure 4 shows their 
cumulative curves for inoculum-bearing set A samples. With the exception of observation 
9 all curves are monotonic increasing, i.e. biological reactions lasted until the end of the 
experiment. 

At a significance level of 10% there is neither a factor nor a factor interaction which is 
related to the gas volume sorbable with sodium hydroxide (Vs). On the average the Vs, 
Vtot-ratio yields 0.63 with a standard deviation of 0.13. 
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Figure 4 Cumulative gas volume generated during the course of experiment. Only 

observation records of inoculum-bearing set A samples are illustrated. 

3.2.5   Final proton activity (pHe) 

A regression analysis was performed on the data of the samples' initial pH (pH0) and final 
pH (pHe). The calculations yielded the following regression equation (see also figure 5): 

pHe = -0.10 + 1.01 pH0 

The 95% confidence intervals of the regression coefficients are [-0.96; 0.76] and [0.87; 
1.15] for the ordinate and the slope, respectively. 92% of the total data variation is 
explained by the model (coefficient of determination R2 = 0.92). Investigating the 
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residuals, observation 4 was identified as conspicuous outlier. However, its influence on 
the model is quite low. Other residuals cannot be distinguished from noise. We conclude 
that the linear model is adequate. Figure 5 shows the fitted line plot including the 95% 
confidence and 95% prediction interval. 

The regression equation defines a straight line with an intercept near the origin and a 
slope of approximately 1. This means that the final pH is almost the same as the initial 
pH. Consequently, the samples' pH values have not been shifted during the course of 
treatment. The solutions were stable in pH.  

From figure 5 it is also seen that there are two groups of observations. A four-parameter 
regression analysis (predictors: S, L, I and Y, response: pH0) shows that the initial pH 
depends on the addition of inoculum. The statistical evaluation is not further discussed 
here. 

6.56.05.55.0

initial pH [-]

0 10 1 01

 

Figure 5 Fitted straight line and confidence bands for pH0 and pHe data. 

 

4   DISCUSSION 

Some general aspects of the present investigations have been treated earlier. While 
organic matter as e.g. ammonium acetate serves as electron donor for biological growth, 
chlorate or Cr(VI) are reduced. Recently, these biological redox reactions were 
investigated and proven [Komori, Wang et al. 
1989; Malmqvist & Welander 1991; Malmqvist & Welander 1992; Wang & Shen 
1995] . The innovation of this paper is the 
successful application of the principles of anaerobic reduction to electrolyte filter sludge 
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bearing both Cr(VI) and chlorate. This includes the pre-treatment of filter sludge leachate 
to make biological attack feasible. 

Moderate pH conditions are a prerequisite for biological growth. Therefore, the pH of 
highly alkaline filter sludge leachate has to be lowered and stabilized. For this purpose 
the sample solutions were brought into equilibrium with a carbon dioxide atmosphere 
before anaerobic treatment. After the experiment, the pH values of the samples had not 
been shifted significantly, i.e. they had stayed at slightly acid conditions during the course 
of experiment. The grouping of observations at two different pH values (figure 5) is due 
to the addition of inoculum. Probably inoculum contained a high concentration of ions, 
e.g. magnesium, ammonium and phosphate. In conjunction with carbon dioxide, these 
compounds might form a characteristic buffer system with an about one unit higher pKa 
value than samples without inoculum. This phenomenon did, however, not disturb 
biological activity. Therefore, this neutralization technique might be feasible even at full-
scale, because it is economical and reliable. 

Today, no treatment process for Cr(VI) will be considered environmentally acceptable, if 
chromium is not trapped. Therefore, even if the removal of Cr(VI) is of prime 
importance, chromium has to be immobilized, i.e. Crtot must be low in the supernatant. 
Moreover, also chlorate has to be removed to meet environmental effluent regulations. 
The present investigations reveal, that inoculum has the potential to fulfill these 
requirements.  

Cr(VI) vanished from sample solution if inoculum was added. Because of its high 
solubility, we may conclude that it is reduced to Cr(III). Moreover, Crtot was removed in 
the supernatant by inoculum. This proves that a mixed culture of anaerobic 
microorganisms is capable to reduce Cr(VI) to Cr(III) and to immobilize it. Detailed 
biochemical reactions have not been investigated, but it is very likely, that low soluble 
chromium hydroxide is the final product (see equation 1). With respect to a full-scale 
implementation of this technique, some day anaerobic surplus sludge laden with reduced 
chromium has to be landfilled. Also from this point of view an anaerobic process has to 
be assessed as a suitable technique, because no microbial activity has been found so far 
that is able to re-oxidize reduced chromium to Cr(VI) 

[WHO 1988; Losi, Amrhein et al. 1994; Ohtake & 
Silver 1994] . Only soils containing manganese 
oxides can oxidize Cr(III) to Cr(VI) [Losi, 
Amrhein et al. 1994] . This risk might be 
negligible, if suitable landfill sites are chosen.  

Like other organic matter, also yeast reduces Cr(VI), but it did not remove chromium 
from the solution. Crtot was not affected by yeast. Subsequently, yeast is unsuitable to 
treat Cr(VI). Nevertheless, it was observed to enhance biological activity. Probably yeast 
served as a carbon and / or nutrient source for inoculum. However, essential elements for 
anaerobic digestion can also be received from other organic matter. It might be most 
economical to use organic waste as e.g. sewage. 
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In contrast to yeast, inoculum reduced chlorate. The final concentration of samples 
treated with inoculum was always below the detection limit of 100 ppm. Obviously, the 
removal of chlorate is due to biological activity. If it would be an uncontrolled chemical 
destruction of organic matter, also an addition of yeast would lessen chlorate. This 
outcome supports the work of Malmqvist and Welander [1992]. They state that bacteria 
can use chlorate as electron acceptor.  

When applying up to 10 vol.-% leachate, we supposed that elements listed in table 2 
would not inhibit anaerobic growth. This assumption was confirmed by the evaluation of 
Vtot data. They showed that leachate did not influence biological conversion processes. 
Assuming that due to anaerobic degradation mainly methane and carbon dioxide were 
liberated to the gas phase, Vs and (Vtot-Vs) correspond to the volume of carbon dioxide 
and methane, respectively. From the Vs, Vtot-ratio we conclude that the volumetric 
proportion of carbon dioxide was rather stable at 63%. In a continuously operated 
process, generated carbon dioxide can be used to neutralize influent leachate in pH. 

With respect to all responses, set A could not be told apart from set B. This proves that 
the results are reproducible and reliable at least within the experimental limits. 

The batch experiments were performed with fresh inoculum from a sewage plant. There is 
great prospect of an improvement in treatment effectiveness, if microbial culture is 
adapted to the specific conditions, i.e. high concentrations of Cr(VI) and chlorate. 
However, such investigations are only feasible with a continuous process layout at larger 
scale. 

Hansson 
[1994]  

suggests a simultaneous reduction of Cr(VI) and chlorate with ferrous chloride. For a 
complete reduction he recommends double the stoichiometric amount of ferrous iron. 
Fresh filter sludge is laden with 5.5 wt.-% chlorate and 0.01 wt.-% Cr(VI) (table 3). 
Measures related to the generation of filter sludge restrict the concentration of chlorate to 
1 wt.-% [Holmström 1996]. Even in this case 99% of costly ferrous chloride is needed for 
the oxidation of chlorate. Moreover, ferric iron has to be removed from the solution. If it 
is precipitated as ferric hydroxide, 155 g precipitate per kg of filter sludge will be 
generated, i.e. 16% excess sludge has to be handled. Last but not least, approximately 
0.184 kg ferrous chloride is used to treat 1 kg of filter sludge. Thereby, chloride causes an 
environmentally disadvantageous effluent salting. 

Anaerobic reduction of Cr(VI) and chlorate is reliable and can compete with common 
chemical treatment methods above. Cr(III) compounds probably have no toxic effect at 
all on anaerobic treatment processes [Königfeld 
1973] . Anaerobic sludge can contain up to 10% 
Cr(III) in dry substance, i.e. 0.1% anaerobic surplus sludge are generated. Probably, the 
amount of surplus sludge must be somewhat higher in order to maintain microbial 
activity. Nevertheless, much less waste has to be handled than for chemical treatment. 
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It is recommended to verify this very promising outcome at pilot-scale. Thereby, 
limitations of small-scale batch experiments could be overcome. E.g., in a pilot plant 
different operation modes can be tested, i.e. batch, sequential-batch, continuous and plug-
flow. Thereby, process improvement and adaptation of microbial culture are achieved. 
Moreover the process is run under realistic conditions. Pilot operation facilitates a reliable 
economical assessment and scaling-up for routine operation at full-scale. 

The present investigations were conducted with filter sludge leachate as a case in point. 
Similar techniques can be used to treat also other sources of Cr(VI)- and chlorate-laden 
wastes. Remediation of contaminated soil as well as landfill leachate might be possible. 

In summary, the following potential advantages of anaerobic bioremediation of Cr(VI)- 
and chlorate-bearing waste can be pointed out: 

• treatment of Cr(VI) and chlorate is reliable and is expected to be economic, 
• the process requires neither chemical additives nor aeration, 
• no effluent salting, 
• excess sludge production is kept at a low level, 
• no toxic by-product is formed, 
• reduction occurs in a neutral pH, 
• the activity is reproducible and reusable. 

5   CONCLUSIONS 

Validity of the conclusions presented below is exclusively claimed for the experimental 
layout of this investigation. This is particularly due to the factors (filter sludge leachate, 
inoculum and yeast) and their respective range of variation. 

• While the removal of hexavalent chromium (Cr(VI)) was caused by both inoculum 
and yeast, removal of total chromium (Crtot) was exclusively due to the existence of 
inoculum. 

• Inoculum led to a significant reduction of chlorate. 

• Filter sludge leachate does not significantly inhibit biological activity. 

• The colorimetric analysis of Cr(VI) was interfered by inoculum and yeast. 
Nevertheless, evaluation of the data was possible due to statistical methods. 

• PH stabilization at moderate acid conditions throughout the course of experiment was 
successfully performed by saturating the samples with carbon dioxide. 

• The presented technique is reliable and is expected to be economic.  

• Filter sludge leachate was investigated as a case in point. Other sources of Cr(VI)- and 
chlorate-bearing waste, e.g. contaminated soil and landfill leachate, might be amenable 
to a similar technique. 



 Anaerobic Treatment of Industrial Filter Sludge 
  17 
 

 
 H. Ecke & A. Lagerkvist, The Landfill Group, 1996 

Before implementing this promising process at full-scale, pre-investigations at pilot-scale 
are necessary, because of the need for process improvement, economical evaluation and 
scaling-up. 
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