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Abstract

Pre-treatment of fermentation brines from green olives has been carried out by the Fe(ll)/Fe(lll)/
H,0, system. Reagent concentration exerted a positive influence on chemical oxygen demand
(COD) removal. Hydrogen peroxide uptake showed values in the range 0.3—1.6 mol of COD elim-
inated per mol of HO, consumed depending on operating conditions. The optimum working pH
was found to be in the interval 2.0-3.5. Reaction temperature increased the COD degradation rate,
although similar COD conversion values were obtained after 5h of treatment regardless of the
value of this parameter. An analysis of the biodegradability of this type of effluent demonstrated
the beneficial effect of the chemical pre-oxidation. According to the experimental results, it is sug-
gested that there is an inhibitory effect of the wastewater due to its COD content and nature rather
than attributable to the presence of high amounts of sodium chloride. Biodegradation efficiency
increased as temperature was raised up taC3@\ further increase of this parameter up to°@0
resulted in the death of the microorganisms.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

A considerable number of effluents are characterised by a high content of inorganic salts,
especially sodium chloride and in some cases sodium hydr@kjgle Some examples can
be found in the manufacturing of pesticides, herbicides, pharmaceutical products, dyes, etc.
Other processes that generate an important amount of brines are related to gas oil recovery
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operations, landfill leachates, meat-packing wastewatef3t®isposal and management

of this type of effluent is not an easy task. Traditionally, biological processes have been
considered to be the mosteconomical and simple option to treat these aqueoupasies
However, this technique is not always feasible due to the toxic nature of high concentrations
of, on the one hand, sodium and/or chloride and, on the other hand, the presence of a
significant organic contaminant load. Woolard and InjRiehave recently reviewed studies
carried outon the biological treatment of brines. In general, it has been demonstrated that this
method does not constitute a suitable choice even when using acclimated seeds. Therefore,
chemical oxidation processes seem to be appropriate to reduce the contaminant load of
this kind of effluent and hence render them more biodegradable. In this sense, Lin et al.
[3], based on the high conductivity of brines, have proposed an electrochemical method of
treatment. Also, Rearick et 4lL1] have used the Fenton system in conjunction with a series

of membranes to re-use wastewater generated in the manufacturing of dyestuff.

In this study, the chemical oxidation of wastewater from the fermentation brines of table
olives has been investigated. Fermentation brines are characterised by a low pH (3.5-4.5)
and a high content of NaCl (6—10%). Few works have dealt with this type of wastewater.
Some authors have tested a physico-chemical method based on a previous neutralisation
followed by an adsorption step on activated carbon or an ionic [&8|nOther processes,
however, have been addressed to disposal of the waste into impermeable layers with no
aquifers[13] or into low deep aerated lagoons. Also, the direct dumping of the saline
effluents into the sea has been propdded.

In the present work, Fenton’s reagent has been studied for the treatment of fermenta-
tion brines. It has been demonstrated that this treatment allows for large reductions of the
organic load of wastewaters at acceptably low cfiEis16] In addition, effluents similar
in composition have already been treated with promising results. Thus, wastewater from
the manufacturing of olive oil has been processed by using Fenton’s reagent, showing
considerable reductions of the chemical oxygen demand (COD) of the effliiént

After the chemical oxidation has taken place, aerobic biological experiments have been
carried out by using non-treated and Fenton’s pre-treated effluents. A comparative study
has been completed to ascertain the positive or negative effects of this integrated treatment.

2. Materialsand methods

Chemical oxidation experiments were carried out in a 500 ml glass reactor under sun-
light conditions, batchwise and (unless otherwise specified) in the presence of oxygen. The
aqueous solution of reactants was homogenised by magnetic agitation to avoid concen-
tration gradients. Systematically, samples were withdrawn and immediately analysed after
sampling (in less than 2min). Immediate analysis of samples allowed for the analytical
procedure to be completed without interference from reducing or scavenging substances
(quenchers).

Fermentation brines were taken from a factory located in Navalvillar de Pela in the
province of Badajoz (southwest of Spaiffable 1shows the characterisation of this
type of wastewater. Most experiments were carried out after dilution of the raw wastew-
ater with synthetic urban wastewater with a dilution factor of 2 (one part brinese
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Table 1

Characteristics of fermentation brines from the manufacturing of table olives used in this work
COoD (gI?t) 30.9

BODs (gl~1) 18.0

BODs (gl1) 23.6

TC (g™t 10.3

TOC (gh?Y) 10.2

pH 4.25

NaCl (g1) 10.0

part synthetic urban wastewater). Synthetic urban wastewater composition was: glucose
(216 mg I'Y), peptone (46 mgil), KoHPO, (138 mgl), KHoPOy (69 mg L), NH4CI

(52mg 1), MgSQy-7H,0 (26 mg I1), FeSQ-7H,0 (1 mg I1), ZnSQy-7H,0 (1 mg 1),
MnSQy-7H,0 (1 mg 1), CaCh (7 mg 1) and NaHCQ (83.2 mg I1). The purpose of the
dilution was to simulate the conditions obtained if the Fenton process were integrated in a
real plant for municipal wastewater treatment.

All chemicals were provided by Aldrich and used without further purification. Analysis
of chemical oxygen demand was determined in a Dr. Lange spectrophotometer, the method
based on the dichromate standard procefiL8¢ The positive interference derived from
the presence of hydrogen peroxide was corrected by considering the correction factor pro-
posed by Talinli and Andersdi9]. Final (BODG) and 5 days (BOB) biological oxygen
demand was determined by the respirometric method. In this case, 300 ml glass bottles
containing known amounts of inocula were used. The polyphenols content was measured
using the Folin Ciocalteau reagent after liquid—liquid extraction of the sample with ethyl
acetate. Results were expressed as equivalent phenol concentration. Total peroxides con-
centration was determined iodometrically. Ferrous ion in the solution was analysed by the
2,4,6-tripyridyl-s-triazine (TPTZ) method. This analysis was carried out after hydrogen per-
oxide removal through decomposition with excess of catalase (1 unit decomposed af
hydrogen peroxide per minute at pH 7 and’25while the concentration falls from 10.3 to
9.2 mM. Catalase contains 51100 units per milligram of protein and 47.7 mg of protein per
millilitre). Details of the analytical procedure can be found elsewfiEfg0] The pH of the
reaction media was followed by means of a Radiometer Copenhagen pH-meter (HPM82).
When needed, initial pH of the solution was varied by the corresponding addition of HCI
or NaOH.

Biodegradation of fermentation brines was carried out in a 500 ml glass sequencing batch
reactor (SBR) containing a given amount of suspended activated sludge. The reactor was
operated with cycles comprising filling, reacting, settling and drawing periods. Reaction
time was the limiting step, being of 24 h. Therefore, the controlling step (biological reaction)
governs the time of the overall process. In this sense, it can be said that, in a real process,
the time consumed in filling and withdrawing will depend on the flow-rate capacity of the
pumps used. Additionally, settling time will depend on characteristics and nature of mi-
croorganisms and geometry of the biological tank. In this work, microorganisms showed a
sludge volumetric index (SVI) of 129 mig of VSS, and a zone settling velocity (ZSV) of
5x10~*ms~1. To check for any substrate or biomass inhibition, experimental conditions of
input wastewater, and initial microorganism concentration were selectively varied for each
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cycle. Control analysis was conducted on the SBR for temperature, pH and dissolved oxy-
gen. During the reaction period, samples of the mixed liquor were steadily withdrawn and
centrifuged. The liquid and solid phases thus obtained were analysed for volatile suspended
solids (VSS) and chemical oxygen demand, respectively.

In biodegradation experiments, biomass concentration was related to the concentration
of VSS which were measured following ‘Standard Methdd$].

3. Resultsand discussion
3.1. Influence of operating conditions on Fenton’s oxidation

3.1.1. Influence of hydrogen peroxide initial concentration
In this work, the influence of the initial concentration of hydrogen peroxide was assessed.

For that purpose, experiments were conducted at similar operating conditions but different
amounts of HO, added at the beginning of the process, in the range 0.01-1Fgvil
depicts the evolution of COD and B, conversion for the aforementioned experimental
series.

FromFig. 1, an increase of the COD removal rate as th®Hinitial concentration is
raised from 0.2 to 1.0 M is observed. Additionally, in all cases a roughly 10K increase of
the reaction temperature was experienced indicating the exothermic nature of the oxidation.

Also, from Fig. 1, a 100% hydrogen peroxide conversion for the experiments carried
out with the lowest HO» concentrations is observed, decreasing these to 50-60% for runs
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Fig. 1. Fe(ll)/H0, treatment of table olive fermentation brines. Evolution of COD (solid symbols) and hydrogen
peroxide conversion (open symbols) with time. Influence gklinitial concentration. Conditiongp = 293 K;

pH, = 3.5 (average valuel rei), = 0.01M; CODy = 159 I-1 (approximate value) h,o,0 = 1.0M (A, A),

0.5M (M, ), 0.25M @, O), 0.20M (¥, v).
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Fig. 2. Fe(ll)/HO, treatment of table olive fermentation brines. Evolution of removed COD/hydrogen peroxide
consumption ratio with time. Influence o£B, initial concentration. Conditiondp = 293 K; pH, = 3.5 (average
value);Creir), = 0.01M; CODy = 159 2 (approximate value)r,0,0 = 1.0M (A), 0.5M (@), 0.25M @),
0.20M (V).

initially conducted with 0.5 and 1.0 M of #D». It is obvious that for identical remaining
operating conditions, the lower the amount of®4 used, the faster its conversion (not its
reaction rate). However, increasing the concentration of this reagent does not necessarily
means a higher COD removal. Parallel inefficient decomposition routes may contribute
to wastage of hydrogen peroxide. These results suggest that there may be an optimum
in hydrogen peroxide consumption related to the amount of COD removed from the re-
action media. Thus, the ratio of COD eliminated te@4 consumed is represented in

Fig. 2 At the sight of the apparent stoichiometric coefficients calculated, it can be re-
alised that at the end of the reaction period (6 h), the ratio CQD#Hs in the range
between 0.6 and 1.2 with values close to 1. A slight improvement of this coefficient was
noticed for the experiment conducted withy,0,00 = 0.5M, experiencing the lowest
values for the run carried out wittiy,0,(0) = 1.0 M. In contrast to the evolution of hydro-

gen peroxide, ferrous iron reacted completely in the first few minutes of the experiments
showing concentrations in the interval 0to 10-3M over almost the entire reaction
period.

Also, from this experimental series it was found that Fenton’s reagent is an effective
technology to reduce the phenolic content of this type of wastewater. Thus, in all cases,
a reduction for these substances was experienced from roughly 658 mfyphenol to
amounts slightly above of 200 mg! of phenol after 6 h of the oxidative treatmertg5%
conversion).
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Fig. 3. Fe(ll)/Fe(ll1)/HO, treatment of table olive fermentation brines. Evolution of COD (solid symbols) and
hydrogen peroxide conversion (open symbols) with time. Influence of Fe(ll)/Fe(lll) initial concentration. Condi-
tions:To = 293 K; pH, = 3.5 (average valuel;n,0,0 = 1.0M; CODp = 159 I-* (approximate value)Cren)
=0.01M (¥, v),0.03M @, [J), 0.05M (A, A); Creqiiy = 0.03M (#).

3.1.2. Influence of ferrous iron initial concentration

To ascertain the effect of the initial ferrous iron on the effectiveness of the oxidation, a
series of experiments was conducted by varying this parameter from 0.01 to 0.05 M while
keeping constant the remaining operating conditions.

As observed frontig. 3, the higher the initial amount of Fe(ll), the higher the COD
conversion obtained after 5 h. Also, the phenolic content elimination was improved showing
conversions of 80 and 95% for experiments conducted with 0.03 and 0.05M of Fe(ll),
respectively. In addition, it is striking that for Fe(ll) concentrations above 0.01 M, the
decomposition of hydrogen peroxide achieved was in all cases 100% in the first hour of
reaction. Because of this, the stoichiometric coefficients obtained for this series were lower
than those obtained for catalyst concentrations below 0.01 MHised).

Based on the experimental results obtained, the following considerations can be
drawn:

o At least for Fe(ll) concentrations above 0.01 B0, = 1 M), the hydrogen peroxide
acts as an initiator rather than as a direct source of oxidant species.

e The fast oxidation of Fe(ll) to Fe(lll) suggests that the oxidation system studied should
be better described as the hydrogen peroxide decomposition by the red-ox couple Fe(ll)/
Fe(lll). The latter statement could be experimentally corroborated by conducting an
experiment in the presence of ferric iron with no addition of the reduced species (see
Fig. 3 diamond symbols). As deduced frdfig. 3, after an initial lag period of 2 h, the
final COD conversion obtained was similar to the value obtained when using Fe(ll) at
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Fig. 4. Fe(ll)/Fe(lll)/HO, treatment of table olive fermentation brines. Evolution of removed COD/hydrogen
peroxide consumption ratio with time. Influence of Fe(Il)/Fe(lll) initial concentration. Conditifins: 293 K;

pH, = 3.5 (average value)H,0,0 = 1.0M; CODy = 159 I-* (approximate value)Crey = 0.01M (V),
0.03M (M), 0.05M (A); Creqii) = 0.03M (#).

the same operating conditions. The induction period experienced may be attributed to
the lower catalytic activity of Fe(lll) in comparison to Fe(ll).

Therefore, with a view to savings in operating costs (disappearance of a reduction step
to recover the catalysts), the rest of the present study was completed with the addition of
Fe(lll) instead of Fe(ll).

3.1.3. Influence of ferric iron initial concentration

The influence of the initial Fe(lll) concentration was tested in the interval B3
to 3 x 1072 M for a constant concentration of hydrogen peroxide of 1.0 M. Similarly, to
results obtained in the case of the use of Fe(ll), a slight positive effect of this parameter was
observed in the range of concentrations studiedk&pes). Nevertheless, the enhancement
of the process was less pronounced if compared to the experimental series conducted with
the reduced form of the metallic cation. Also, the evolution of the remaining hydrogen
peroxide inthe reaction media followed a comparable trend to the one observed for the Fe(ll)
catalysed experiments. Thus, the rapid total conversion of this reagent was experienced when
the amount of iron was equal or above 0.02 M.

3.1.4. Influence of pH
The reaction pH is probably the most influential parameter regarding the effectiveness
of Fenton process. There are several pH-related factors affecting the efficacy of Fenton
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Fig. 5. Fe(lll)/H,0O, treatment of table olive fermentation brines. Evolution of COD (solid symbols) and hydrogen
peroxide conversion (open symbols) with time. Influence of Fe(lll) initial concentration. Condilipes293 K;

pHy = 3.5 (average valueX H,0,0) = 1.0 M; CODp = 159 I-1 (approximate valueXeguny = 0.03M (A, A),
0.02M (¥, v), 0.005M @, O).

oxidation; however, the stability of reagents is likely the predominant effect to take into
consideration. Most studies reported on Fenton and Fenton-like systems claim that the op-
timum working pH is situated in the range 3—4, the efficiency of the treatment experiencing
strong reductions as the pH is set out of this interval. In contrast, other authors have re-
ported neutral conditions to be the most appropriate to remove some kinds of compounds
[21,22]

In this work, no differences were obtained for experiments carried out at acidic condi-
tions from pH 2.0 to 3.5 (seEig. 6). However, a strong inhibition of the COD removal
was observed when the starting pH value was 6.0. Similar results have been reported for
wastewater from olive oil mill§17]. Analogously, hydrogen peroxide depletion also un-
derwent a significant deceleration when the pH was adjusted to 6.0. Nevertheless, in the
latter case, KO, was not more effectively used since the stoichiometric coefficients cal-
culated at any time approached the value 0.3-0.4 reported previously for acidic conditions
(CFe(II) =0.03M al’ldCHzQ2 =10 M).

3.1.5. Influence of reaction temperature

As stated previously, for the experiments carried out in this study with no temperature
control, an average of 10—20 K temperature increase in the reaction media was observed
depending on operating conditions. Thuskig. 7, it can be observed how this parameter
rapidly increases up to a maximum value, gradually decreasing, afterwards, due to heat
exchange with the surroundings.
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Fig. 6. Fe(lll)/H, O, treatment of table olive fermentation brines. Evolution of COD (solid symbols) and hydrogen
peroxide conversion (open symbols) with time. Influence of initial pH. Conditiins: 293 K;C,0,0) = 1.0 M;
CODy = 15gI™! (approximate value)Creuiy = 0.03M; pHo = 6.0 @, ), 3.5 (¥, v), 3.0 @, O),
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Fig. 7. Fe(lll)/H,O, treatment of table olive fermentation brines. Evolution of temperature with time. Influ-
ence of Fe(ll) initial concentration. Conditionf ~ 291K; pH, = 3.5 (average value)‘r,0,0 = 1.0M;
CODy = 15911 (approximate value)X-reqiy = 0.01 M (A), 0.02M (@), 0.03M (V).
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Fig. 8. Fe(lll)/H,O, treatment of table olive fermentation brines. Evolution of COD (solid symbols) and hy-
drogen peroxide conversion (open symbols) with time. Influence of initial temperature. Conditigns: BI3;
Ch,0,(0) = 1.0M; CODp = 1591 (approximate value)Xreui) = 0.03M; T = 298K (A, A), 313K (@, 0),
333K (¥, v).

Therefore, a series of experiments was conducted at different temperatures (298—333 K)
by keeping this parameter constant throughout the reaction period. Hgpr8, it can be
observed that for the experiments carried out at 313 and 333K, the inhibition period to-
tally disappeared leading to significant COD conversions if compared to results obtained at
298 K. Nevertheless, after 5 h of treatment, the final COD value achieved was almost identi-
cal (*2000 mg -1). These results suggest either the existence of a fraction of refractory sub-
stances towards the oxidation by the Fe(lIh@} system, or the formation—accumulation
of low molecular weight oxygenated species which cannot undergo further oxidation. Ex-
periments carried out in the presence of a higher hydrogen peroxide concentration (2.0 M)
did not lead to COD reductions below 2000 mg.|

3.1.6. Influence of the initial COD concentration

The role of the initial COD concentration was investigated by using different dilution
factors of the wastewater with synthetic urban wastewater. Thus, experiments with initial
COD of 31, 15 and 7.5 g were completed and the results showrig. 9. As observed
from this figure, the experiments conducted with 15 and 7-:83g30D led to similar
results after 5h of treatment. In contrast, a higher value of the final COD was obtained
(approximately 14.4 gi') when the starting COD was set at 31 ¢.INevertheless, it should
be noted that the apparent stoichiometric coefficient calculated, measured as COD removed
per mol of hydrogen peroxide consumed, increased as the initial concentration of COD was
raised. Values of this ratio of 0.54, 0.35 and 0.13 were calculated after 5 h for experiments
carried out with initial COD of 31, 15 and 7.5, respectively (see inset Fig. 9).
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Fig. 9. Fe(lll)/H0O, treatment of table olive fermentation brines. Evolution of COD (solid symbols) and re-
moved COD/hydrogen peroxide consumption ratio (embedded figure) with time. Influence of initial COD. Con-
ditions: pHy = 3.5; Chy0y0) = 1.OM; T = 293K; Creuiy = 0.03M; CODp = 7.5g* (M), 1591 (@),
31gFt (V).

Also, the final conversion achieved for the phenolic content of the effluent was lower for
the experiment initiated with the highest contaminant load, albeit the amount of these com-
pounds eliminated was substantially higher (three to four times higher) for this experiment
(i.e. the reaction rate increased).

Based on a normal stoichiometric coefficient for® consumption (2 g of KO, con-
sumed per gram of COD degraded), the price of hydrogen peroxide, and the amount of COD
reduced (around 9000 mgl in a typical Fenton’s experiment with A ) = 0.03M and
H»0, = 1.0 M), operating costs attributed tB, were found to be US$ (2 x 103) per
cubic meter of wastewater treated and ppm of COD removecg:@bhs assumed to consti-
tute the 75% of operating costs, the final value of the operation would be US$ (D)
per cubic meter of wastewater treated and ppm of COD removed. These results are quite
similar to other calculations for this treatment, confirming the economic feasibility of the
procesg17].

3.2. Aerobic biodegradation experiments

As suggested by previous studigs2], biodegradation experiments were carried out
using microorganisms acclimated to the saline environment of brines. Thus, before proper
operation of the SBR, a number of cycles were completed to acclimate bacteria to the saline
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nature of the effluent. For doing so, the reactor was first loaded with activated sludge from
a municipal wastewater treatment plant and synthetic domestic wastewater. The content of
fermentation brines in the feed was progressively increased throughout successive cycles.
When the content of brines in the mixture exceeded 1:10 by volume, inhibitory effects
were noticed (i.e. decrease in overall substrate utilisation rate). Therefore, in order to avoid
these inhibitory effects, the dilution ratio 1:10 was chosen. Diluted wastewater had a COD
of approximately 2.5-3gM. Cycles were repeated with the same wastewater load and
keeping a constant biomass concentration by appropriate sludge wasting at the withdrawing
step. When consistency in COD depletion profiles with time was achieved, the biomass was
assumed to be acclimated to the applied effluent.

First of all, two series of experiments were carried out in parallel with untreated brines
and with brines previously subjected to chemical pre-treatment by Fenton’s oxidation. In
the latter case, the final COD achieved by chemical oxidation was about 2 Sghibition
by substrate was not observed when this effluent was subjected to direct biodegradation.
Taking into account the fraction of COD removed by means of the chemical oxidation, the
percentages by volume of initial brines in the wastewater to be biodegraded varied from 10
to 50% for non-treated and pre-treated wastewater, respectively. Therefore, the chemical
pre-oxidation allows for reducing the volume of water for dilution purposes and also suggests
that biological oxidation was inhibited by high COD content rather than by the salinity of the
wastewater (i.e. salinity was five times higher for the pre-treated effluggt)10shows the
evolution of remaining COD and the VSS concentration profiles during the reaction period
of comparative experiments. The evolution of VSS shows typical log-growth and stationary
phases. Lag and log-death phases were not clearly observed in all cases because of the use
of acclimated seeds and the limited time of the reaction step, respectively. Regarding COD

cop(gL")
(L16) ssA

Time, h

Fig. 10. Biological treatment of table olive fermentation brines before and after Fenton’s pre-oxidation. Evolution
of COD (solid symbols) and VSS (open symbols) with time. Conditions; pH7.0; T = 20°C; no Fenton’s
treatment M); after Fenton’s treatmeni).
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Fig. 11. Biological treatment of table olive fermentation brines after Fenton’s pre-oxidation. Evolution of COD
with time. Influence of temperature. Conditions: X 7.0; VSS= 1.8gI~%; T = 40°C (V), 30°C (#), 20°C
(H), 10°C (@), 5°C (A).

profiles, it is observed that the biological activity of microorganisms is quite similar for the
non-treated and Fenton’s pre-oxidised effluents, some slight enhancement is observed for
the non-treated wastewater, although, as stated previously, when the chemical step is used,
considerable reductions in dilution water needs are obtained. Moreover, microorganisms
were acclimated to the raw diluted wastewater, not to the effluent generated after Fenton
oxidation, this may have contributed to the difference in the biodegradation performance.

The effect of temperature on the biodegradation rate of effluent from Fenton’s oxida-
tion was also studiedrig. 11shows the evolution of residual COD with reaction time. As
expected, biodegradation rate was temperature dependent. As a rule, the higher the tem-
perature, the higher the substrate utilisation rate in the range°&-30 this temperature
range, settling characteristics of biological solids were not significantly affected. At,40
bacterial inhibition was clearly evident.

4. Conclusions

From the present study, the following conclusions can be drawn:

e Usage of Fenton’s reagent allows for a significant reduction of the COD content of
fermentation brines.

e Both Fe(ll) and/or Fe(lll) can act as a catalyst of the hydrogen peroxide decomposition.
Use of ferric iron instead of the reduced form may contribute to the improvement of the
process economy.

e Optimum working pH was situated at acidic conditions, similar to the natural pH found
for this type of effluents.
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e Fenton’sreagent pre-treatment allows for a considerable reduction in water dilution needs
if a conventional biodegradation step is further applied.

o Aerobic biodegradation of the pre-treated effluent is best performed in the proximity of
30°C, experiencing a total inhibition of the process if temperature is increased @. 40
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