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ABSTRACT

Jordan watersheds heavily suffer from the seasonal discharge of highly concentrated olive
mill wastewater (OMW). Environmental concern and protection of the scarcely available
water resources calls for adequate treatment of OMW prior to discharge. This paper describes
an inventory that was made with the aim of developing pollution prevention strategies for the
olive mill sector of the Jerash Governorate in Jordan. Emphasis was given to compiling
regional research which shows that modern anaerobic technology may play an important role
in treating the highly concentrated OMW. The paper also presents pre and post treatment
options for achieving local discharge criteria. Based on literature review and current insights
three innovative treatment strategies are presented for OMW in the Jerash region.
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1 INTRODUCTION

Olive mill wastes are increasingly recognised as one of the most serious environmental threats
in the Mediterranean region, where almost the entire world’s production of olive oil is located
[1-3]. It is estimated that around 30 million cubic meter of olive mill wastewater (OMW) is
generated annually in the Mediterranean area, during the seasonal extraction of olive oil [4-6].
The discharge of high loads of organic pollutants, nutrients and polyphenolic components to
surface and ground water raises concerns about possible negative effects of OMW discharge
on the environment [6]. Proper treatment and disposal of OMW is presently high on the
agenda in the Mediterranean countries, such as Spain, Italy, Greece, and Tunisia as well as in
Jordan, the focus country of this study.
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In Jordan, which is a (semi-)arid country, water resources are scarce and traditional water
supply resources are being stretched to their maximum limits. Therefore, protection of water
resources from pollution is a vital issue to achieve sustainable development. The Jordan
valley and its tributaries are the most potential areas for development, especially in the field
of agriculture. However, the natural resources, e.g. surface and groundwater, of the Jordan
River basin are threatened by weak management. Therefore, severe deterioration of these
resources is expected on the mid-long term if no appropriate measures are taken.

OMW is one of the most severe polluting streams affecting the Jordan Valley watershed. In
Jordan, the area planted with olive trees has increased significantly from 285 million m* in
1984 [7] to 644.8 million m” in the year 2002. In the year 2000, olive trees formed 73% of
total area planted with fruit trees in Jordan [8]. More than 13% of the total number of olive
trees (8.57 million trees) is found in Jerash Governorate, located in the northern parts of
Jordan. For treating the concentrated OMW, the paper discusses the potential role of modern
anaerobic high-rate systems like the upflow anaerobic sludge blanket (UASB) system,
emphasizing its advantages and limitations. Flow-schemes of three strategies are proposed for
on-site treatment of OMW for reaching Jordanian discharge standards. The research was
performed in Al-Merad, Burma and Al-Mastaba watershed areas in Jerash and was
accomplished by means of interviews with local stake holders, field visits and literature
search.

2 TREATMENT AND DISPOSAL OF OMW

2.1 Anaerobic treatment

Practically all treatment processes developed for domestic and industrial wastewaters have
been tested more or less successfully on OMW. The most feasible of these processes is the
anaerobic treatment of OMW that has the advantage of producing energy in the form of
methane instead of consuming energy [1, 2]. Anaerobic treatment is particularly of interest for
OMW because of its high organic strength and its seasonal production. The process can
handle high organic loading rates. The excess sludge production is significantly lower than in
the aerobic processes. The process also has low nutrients requirement, a feature that is
particularly important for treating wastewaters like OMW that have relatively low nitrogen
content, while the COD is high. The low decay rates of the anaerobic bacteria allow the
process to carry out seasonal operations at campaign industries without continuous feed
requirement [1, 9, 10]. Anaerobic treatment may function as a pre-treatment or even as an
alternative to aerobic treatment. The construction and operation of anaerobic wastewater
treatment systems is rather simple and cheap. The UASB reactor is recommended for the
treatment of agro-industrial wastewaters compared to other anaerobic systems, as it can
tolerate higher organic loading rates [2, 11].

2.2 Nutrients requirements in anaerobic treatment of OMW

Many researchers have pointed at the imbalance in the COD:N ratio in OMW for biological
wastewater treatment [2, 12, 13]. For anaerobic treatment, the required nitrogen and
phosphorous concentration is distinctly lower than in the case of aerobic treatment, because
under anaerobic conditions the sludge yield is much less.

The nutrient requirement for systems treating acidified wastewaters equals more or less
COD:N:P of 1000:5:1, while for non-acidified wastewater this ratio equals 350:5:1. For partly
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acidified wastewater the required ratio is between these values. To resolve potential nutrient
deficiency, OMW is often diluted with domestic sewage prior to biological treatment. In
principle, the nutrients available in the domestic sewage would also be sufficient for a well-
functioning anaerobic treatment. Typical characteristics of olive mill wastewater are presented
in Table 1.

2.3 Treatment in UASB reactors

Various researchers showed that, in order to treat raw OMW with a UASB reactor, it requires
considerable dilution with water, viz. four to five times [1, 2, 12, 14]. Dilution and
appropriate mixing is of particular importance during the start up, because else the process
will become very unstable. Most likely, this problem can be attributed to inhibition by
phenolic compounds and in particular to the lower molecular weight ones [9, 15]. It has been
reported that phenol concentration up to a range of 500-700 mg/L is generally not inhibitory
to the UASB process [16]. Since phenol is anaerobically degradable, the phenol concentration
in the bulk solution of the reactor might drop to low levels, particularly after several months
of sludge adaptation [17, 18].

Table 1. Characteristics of OMW in Jordan in comparison to Jordanian standards and
regulations for the discharge and reuse of industrial wastewater.

Maximum Allowable Limit

Parameter Units Average Disposal to  Reuse for Discharge to

characteristics ~ Wadis & Irrigation Sanitary Sewer
of OMW Rivers System

pH 5.67 6.5-9.0 6.5-8.4 5.5-95

EC us/cm 9,350

TDS mg/L 39,133 3000 2000

TSS mg/L 29,313 50 1000 1100

TVSS mg/L 22,844

TFSS mg/L 6,232

COD mg/L 117,105 150" - 2100

BODs mg/L 38,048 50" - 800

FOG mg/L 6,983 5 5 50

T-P mg/L 272 -

NH4-N mg/L 45 -

TKj-N mg/L 704 50

Na mg/L 258 -

Ca mg/L 420

Mg mg/L 52

K mg/L 3,599

Cl mg/L 734 500 350

HCO; mg/L 3,086 - 500

Phenol mg/L 3,402 0.002 0.002 10

Sources: [7]; * Monthly average; - Undetermined

Sabbah et al. [19] showed that the methanogenic activity of the seed sludge is an important
parameter in reducing the start up period to obtain maximum performance.
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Research into the operational conditions of UASB reactors for treating OMW was done a.o. in
Jordan by operating a UASB reactor at 37 °C seeded with digested sewage sludge and fed
with OMW. Before treatment, the OMW was adjusted to pH 7-8, preventing acidification of
the reactor [7]. During start-up the reactor was operated at 6 days hydraulic retention time
(HRT), a sludge concentration of 10 g volatile suspended solids (VSS)/L and fed with diluted
OMW (~1500 mg COD/L) at 0.3 kgCOD/m’.d. The influent COD was gradually increased
from around 1500 mg COD/L to around 30,000 mg COD/L, at a constant HRT of 4 days. The
effluent COD was stable in the range 4000 — 5000 mg COD/L, over the operational period of
425 days when the influent COD and organic loading rate (OLR) were around 28,000 mg/L
and 7.5 kgCOD/m’.d, respectively. When the influent COD concentration was further
increased to around 30,000 mg COD/L, the effluent quality deteriorated as effluent COD went
up from approximately 4000 mg COD/L to 10000 —12000 mg COD/L.

Similarly, Sabbah et al. [20] treated OMW in a UASB reactor operated at a constant HRT of
5 days, a temperature of 35 °C, pH 7, and applied a step-wise increased influent COD
concentration. They found COD removal efficiencies in the range of 70-90% when imposing
an OLR of 1-5 gCOD/L.d. When the OLR was increased beyond 8 g/L.d, a decrease in the
COD removal efficiency to 50% was found.

The successful application of either a single stage anaerobic treatment or a combined
anaerobic /aerobic treatment for OMW treatment to comply with the Jordanian standards in
terms of COD is dependent on the applied loading rates. Research by RSS [7] showed that if a
low influent concentration with a relatively long retention time was applied, anaerobic
treatment using UASB reactors was appropriate for direct discharge of the treated wastewater
to the sewer network. The operational conditions were: HRT = 3 days, OLR = 4 gCOD/l.day
and influent COD =13,000 mg/L. Nevertheless, it can be seen from the results of other pilot
plant studies that the phenol concentration in the UASB reactors effluents had never achieved
the imposed effluent phenol concentration of 10 mg/L set by the Jordanian standards [7]. This
shows that post treatment and/or pre treatment, i.e., aerobic and/ or physical-chemical
treatment, is likely necessary.

2.4 (Pre)-treatment to remove polyphenolic components

Anaerobic methanogenic bacteria are sensitive to the high phenolic concentrations found in
OMW which may result in process inhibition [21]. As was already discussed, this can
especially be a problem at start-up, when the biological activity is still relatively low. In those
cases a pre-treatment step could be applied, consisting of physical-chemical or biological
steps that are capable of decreasing the toxicity of phenolic compounds.

Tay et al. [22] demonstrated that aerobic granules can be developed with high phenol
conversion rates in a sequencing batch reactor treating synthetic wastewater. The aerobic
granules first appeared on day 9 after the start up, quickly grew and remained stable even at
the maximum phenol concentration tested of 2.5 kg phenol/m’.d. At this high loading rate,
phenol was completely degraded and a high biomass concentration was maintained in the
reactor even at influent phenol concentrations of 1900 mg/L. However, the appearance of
granular biomass in an aerobic SBR pre-treating OMW effluent is rather questionable. The
high COD strength and the high suspended solids concentration in OMW shortens the
required long solids retention time generally needed for sludge granulation. Moreover, the
presence of solids can even hamper the granules growth [23]. Alternatively, upfront dilution
can be implemented in which aerobically post-treated effluents are recirculated to dilute the
incoming wastewater [24]. During post treatment phenolic compounds are auto-oxidised or
degraded after which the methanogenic toxicity is decreased. Instead of pre-treatment, the
aerobic SBR system could offer a cost effective post-treatment alternative.
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Several authors have shown that fungi species such as Phanerochaete chrysosporium,
Coriolopsis polyzona, Trametes versicolor, Pycnoporus cinnabarinus can significantly reduce
the colour of OMW by depolymerization of a wide range of mono-aromatics, e.g. phenolic
compounds [25, 26]. Dhouib et al. [27] tested a pilot-scale fungal pre-treatment of raw OMW
using P. chrysosporium followed by anaerobic digestion, without any addition of nutrients or
alkalinity. Ultrafiltration was assayed as a post-treatment for complete detoxification and
colour removal allowing water recovery and reuse for agricultural purposes. P. chrysosporium
DSM 6909 was cultivated on OMW in an air lift reactor (ALR) at an HRT of 3- 5 days. The
effluent of this pre-treatment reactor was fed into an anaerobic filter after a sedimentation
step. The anaerobic filter was continuously operated for 6 months at loading rates reaching 8
g/L.d without any apparent toxicity. The P. chrysosporium DSM 6909 decreased the relative
toxicity assessed according to ISO 11348-2 (ISO 11348, 1998) from 100% to 74%.

Sabbah et al. [20] showed a high removal capacity of a physical-chemical treatment system
for phenolic compounds during the treatment of undiluted raw OMW with COD = 148,000
mg/L and; phenols = 2,210 mg/L. The system consisted of a multi-layered sand filter and
subsequent treatment by powder activated carbon (PAC) at a 10 g of activated carbon added
to 1 L of OMW. The concentration of phenols was reduced from 2,210 mg/L to 285 mg/L
after sand filtration and to 108 mg/L after the activated carbon step, viz. an overall removal of
95% of the poly-phenolic compounds. Although this is still far higher than the Jordanian
standard requirement of 10 mg/L, the process shows interesting perspectives for post treating
the UASB-reactor effluent. Similarly, Al-Malah et al. [28] showed that treatment of OMW
with activated clay removed about 81% of the poly-phenols present in OMW.

2.5 Post treatment of UASB-treated OMW

The results of Dhouib et al. [27] showed that the integrated aerobic (P. chrysosporium) —
anaerobic process reduced the BODs, COD and total polyphenols from respectively 34.4, 117
and 9.2 g/L to 4.5, 21.9 and 1.578 g/L. Those effluent concentrations values by far exceeded
the Jordanian standards for direct discharge to a sewer network or a natural water body, and
also the Tunisians which requires a COD concentration of less than 0.09g/L. The experiments
also showed that the residual COD was poorly biodegradable (COD/BODs = 4.87). To go to
even lower effluent COD values, they investigated the removal of the residual black colour by
ultrafiltration (UF). The determination of the physical-chemical parameters of the ultrafiltered
anaerobic effluent showed that the 25 KDa cut-off membranes was able to remove 100% of
the suspended solids, 95% of the colour and 45% of the residual COD. Moreover, the results
showed that the UF membrane retained high polyphenolic compounds as well as residual
mono-aromatic compounds. Unfortunately, the effluent phenolic compounds concentration
was not reported explicitly. Apparently, UF could be an option of interest which needs to be
researched further.

3 SUGGESTIONS FOR POLLUTION PREVENTION STRATEGIES FOR THE
JERASH GOVERNORATE

Based on the reviewed articles this section presents a number of pollution prevention
strategies for the Jerash governorate, including three innovative treatment strategies for
treating OMW of small to medium-size olive mills in the Jerash region.

Cost-effective treatment of OMW with anaerobic technologies like UASB reactors is

considered a core technology of the treatment scheme. Decentralised treatment is an attractive
option, both technically (to avoid problems with sewers) and financially (less costs for
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vacuum transport). Treated effluents should preferably comply with irrigation standards
considering the water scarcity in the region.

As discussed earlier, phenolic compounds are the bottleneck of OMW treatment and

disposal. The research discussed so far reveals that some researchers tried to reduce the
phenolic compounds prior to anaerobic treatment to reduce toxicity. Consequently, high
organic loading rates can be imposing to the anaerobic step, while achieving a more stable
process. The problem with the use of fungi as suggested by Dhouib et al. [27] would be the
high oxygen need for biological reactions. The other problem is that it is difficult to operate a
continuous flow fungi reactor. Other researchers investigated the removal of phenolic
compounds from the final effluent by physical-chemical processes like sand filtration
followed by activated carbon [20].
Based on available information and data, three decentralised treatment strategies (1, 2 and 3)
are proposed to be tested at pilot scale for treating OMW for small to medium size olive mills.
The final choice of the best scenario will depend on the technical performance as well as the
cost.

3.1 Strategy 1

Treatment strategy 1, presented in Figure I, is based on diluting the raw OMW with
secondary treated municipal wastewater effluent for nutrients provision. The type of dilution
water, 1.e. water or treated effluent, should be verified to assess the actual need for nutrients.
The OMW dilution is aimed at reducing the impact of the toxic compounds. It is advisable to
adjust the pH of the influent OMW to 7-8 in the start-up period of the anaerobic. During long-
term operation, the alkalinity demand largely can be obtained from the reactor effluent.
Afterwards, the anaerobically pre-treated effluent should be post-treated to achieve effluent
discharge requirements and preferably irrigations standards (COD, phenol, etc) by means of a
physical process, viz. sand filtration-PAC and/or UF, and aerobic granulated sludge
bioreactor. In the case those effluent requirements have not been achieved, then a combination
of the various post treatment process might be assessed as illustrated by the dashed lines. This
solution can only be of interest if afterwards the water is used for irrigation since dilution
cannot be the solution for pollution, but could be of interest if the water is anyway needed.
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Figure 1. Processes scheme of proposed strategy 1 for OMW treatment in order to comply
with the Jordanian requirements for industrial wastewater discharge. The dashed lines
present alternative treatment lines which might be examined if the main flow scheme
presented by the solids line is not satisfactory to comply with the discharge requirements.

3.2 Strategy 2

Treatment strategy 2 presented in Figure 2 is based on upfront dilution. This treatment
strategy basically is similar to treatment strategy 1, but instead of applying external water
source, treated effluent will be re-circulated for raw OMW dilution. The alkalinity in the re-
circulated effluent might suffice for raw OMW conditioning prior to the biological
wastewater treatment systems, meanwhile phenolic compounds are reduced to below
inhibitory levels.
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Figure 2. Processes scheme of proposed strategy 2 for OMW treatment in order to comply
with the Jordanian requirements for industrial wastewater discharge. The dashed lines
present alternative treatment lines which might be examined if the main flow scheme
presented by the solids line is not satisfactory to comply with the discharge requirements.

3.3 Strategy 3

Strategy 3 presented in Figure 3 includes a fungi based bioreactor that has been partly tested
by Dhouib et al. [27]. However, at this stage a fungi reactor cannot be considered as proven
while the combination of technologies needs optimisation. The points of concern are the
development (growth and retention) of fungi in the aerobic bioreactor, the workability of the
system in practice (operational problems) and the proper conditions for operating and
combining the biological units and the physical-chemical units (UF and the sand- PAC
filtration unit).

Fungi UASB reactor heated at
OMW storage tank  —» based [ 35°C utlllz}ng the >
reactor produced biogas
i
| Sand filtrati
: and filtration-
! i‘n activated carbon
|
|
! i Ultrafiltration —
I
B
: Aeroblc granular sludge
L_p| bioreactor

Figure 3. Processes scheme of proposed strategy 3 for OMW treatment in order to comply
with the Jordanian requirements for industrial wastewater discharge. The dashed lines
present alternative treatment lines which might be examined if the main flow scheme
presented by the solids line is not satisfactory to comply with the discharge requirements.
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4 CONCLUSIONS AND RECOMMENDATIONS

1. Anaerobic OMW treatment in a UASB reactor at 35 °C is technically feasible and
results in COD removal efficiencies of 70 - 80%.

2. So far, successful mesophilic anaerobic treatment of OMW is based on prior dilution
with a factor four to five, for reducing phenol concentrations and achieving final
influent concentrations of about 20,000 mg COD/L. The UASB reactor should be
operated at an HRT of 3 - 5 days and organic loading rates of 4.5 — 6 kgCOD/m".d.
Those operational conditions will achieve a COD effluent concentration that is
acceptable for disposal in the sewer system according to Jordanian standards.

3. Various pilot plant studies showed that the imposed effluent phenol concentration of
10 mg/L by the Jordanian standards for the discharge of industrial wastewater to
sanitary sewer system was never achieved by anaerobic reactor alone. Therefore some
form of pre and/or post treatment processes (aerobic, physic-chemical) will be
required. Post treatment also becomes essential when high organic loading rates are
applied or when the treated OMW are to be discharged directly to the environment or
to be reused in agriculture.

4. Dilution of the raw OMW with settled sewage or secondary municipal effluent is
recommended with vigilance to provide the possible lacking nutrients.

5. It is recommended to practically testing the performance of the presented three
possible treatment strategies based on anaerobic treatment of OMW and
complemented by various pre- and post treatment strategies at various operational
conditions.
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