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ABSTRACT

The current work describes a novel application of steam reforming process to treat palm oil
mill effluent (POME), whilst co-generating Ha-tich syngas from the treatment itself. The
effects of reaction temperature, partial pressure of POME and gas-hourly-space-velocity
(GHSV) were determined. High crystallinity 20 wt%Ni/80 wt%Al,05 catalyst with smooth
surface was prepared via impregnation method. Baseline runs revealed that the prepared
catalyst was highly effective in destructing orgamic compounds, with a two-fold
enhancement observed in the presence of 20 wt% Ni/80 wt%Al;O3 catalyst, despite its
low specific surface area (2.09 m? g7%). In addition, both the temperature and partial
pressure of POME abet the COD reduction. Consequently, the highest COD reduction of
99.7% was achieved, with a final COD level of 73 + 5 ppm from 27,500 ppm, at GHSV of
40,000 mL/h.g., and partial pressure of POME equivalent to 95 kPa at 1173 K. In terms of
gaseous products, H; was found to be the major component, with selectivity ranged 51.0%
~70.9%, followed by CO, (17.7%—34.1%), CO (7.7%-18.4%) and some CH, (0.6%—3.3%).
Furthermore, quadratic models with high R%-values were developed.

© 2018 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

oil would generate 7-fold amount of POME [2,3]. Alarmingly,
POME is polluting water resources, due to its high COD and
BOD levels.

In 2016, 17.32 million tonnes of crude palm oil was producedin
Malaysia from 5.74 million hectares of oil palm plantation,
generating nearly RM65 billion of export revenue for Malaysia
|1}. Unfortunately, it comes at a cost of environmental pollu-
tion in the forms of palm oil mill effluent (POME). It is a
common knowledge that an extrusion of each tonne of palm

The primary POME treating method employed in Malaysia
is a low operating-cost open ponding system. This system
consists of a series of anaerobic and aerobic ponds. To date,
there are more than 85% of the palm oil millers that rely on
this conventional method [4], despite that these ponds would

* Corresponding author. Faculty of Chemical & Natural Resources Engineering, Universiti Malaysia Pahang, Lebuhraya Tun Razak, 26300,

Gambang Kuantan, Pahang, Malaysia.
E-mail address: chinkui@ump.ecdu.my (C.K. Cheng).
https://doi.org/ 10.1016/].ijhydene.2018.06.164

0360-3199/© 2018 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
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107.07 and CH,4 formation as 0.0636T-0.177P — 8.8 x 107°G —
3 x 10 5T? + 0.00132 P? + 1.05 x 10 °G? — 25.471.
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ARTICLE INFO ABSTRACT
Article history: This paper reports on the novel application of catalytic steam reforming process to convert
Received 2 April 2018 palm oil mill effluent (POME) into syngas over a 20wt%Ni/80wt%Al,0; catalyst. The catalyst
Received in revised form possessed high degree of crystallinity and was impurity-free, judging from the obtained
26 April 2018 XRD pattern. Furthermore, the BET specific surface area of catalyst was low (2.09 m? g™}),
Accepted 29 April 2018 consistent with smooth surface captured by the FESEM images. CO,-desorption and NH,-
Available online xxx desorption profiles showed a presence of both acid and basic sites on the surface of
catalyst. In the absence of catalyst, about 7.0% reduction of chemical oxygen demand
Keywords: (COD) was achieved at 6.0 mL h™* flow rate of POME, reforming temperature of 873 K and
Palm oil mill effluent 20 mL min ! of Np-flow. Significantly, the COD reduction shot up to 93.7% in the presence
Steam reforming of catalyst and liquid-hourly-space-velocity (LHSV) of POME of 90 mL h~* g2} at 873 K. The
Syngas corresponding biochemical oxygen demand (BOD) reduction recorded was 93.8%. However,
Waste treatment normalized carbon loss indicates that a high LHSV would favour carbon deposition. In

addition to high LHSV, the carbon deposition was also influenced by reaction temperature.
High reaction temperature has reduced carbon deposition, as well as organics removal.
COD reduction was 99.41% and BOD reduction was 99.52% at 1173 K when LHSV was
60 mL h™? g2\, In the gas phase, four species were consistently detected, viz. Hp, CO,, CO
and CH,, with H; as the major component. The H; selectivity increased with both LHSV and
reaction temperature.

© 2018 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Indonesia and Malaysia, with a combined production of 85%

Introduction f1]. In Malaysia, palm oil industry is the most important agro-
) . . ) ! based industry, with a total production of 37.2 million tons of
With the increasing population growth, food consumption, crude palm oil for the past two years [2]. Consequently, more

particularly palm oil, is also on the upward trajectory. Over the arable land has been converted into oil palm plantation,
past decades, the production of palm oil is dominated by

* Corresponding author.
E-mail address: kirnhoong ng@xmu.edu.my (K.H. Ng).
https://doi.org/10.1016/1.ijhydene.2018.04.232
0360-3199/© 2018 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
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Table 5 — Summary of findings related to different techniques to treat POME.

Technology Pre-treatment Significant findings Reference
Open ponding system None Long retention time up to months and not compatible with the discharge [14,17]
(biological processes) threshold. Final COD and BOD value: 360 ppm and 139.2 ppm.
Advanced oxidation Dilution or filtration Discharge thresheld could be achieved n short time. Highest COD 15,13,17}
process often required reduction achieved: 80% with TiO, photocatalyst after 22 h under UV
irradiation.
Membrane processes Dilution often required  High TSS and organic removal. Almost 100% TSS removal and the organic  [42-45]
removal achieved ranged from 80% to almost 100%.
Adsorption process Depends Not efficient. Usually coupled with other technique for better gquality of [48,49]
effluent.
68 05%, 93 71% and 100% of colour, TSS and COD reduction were achieved
by activated carbon with assistance of magnetic field adsorption,
complemented with biological treatment.
Coagulation process Commonly used as TSS and COD reduction up to 81 58% and 48.22% at with alum and C. [50 52}

pre-treatment Obtusifolia seed gum coagulant. Complementary treatment is required to

further degrade POME.

with 60 mLh * g. of POME and 20 mL min * of N, carrier gas
at 1173 K, which fulfils existing requirement.

Another two technologies, adsorption and coagulation
process, are also commonly employed in POME treatment.
Based on past researches [46,47], adsorption process could be
a potential method for POME treatment too. However, both
adsorption and coagulation process are mainly applied as pre-
treatment in POME waste treatment.

The palm oil mills are over-relying on the open ponding
system due to its simplicity and low treatment costs. How-
ever, a more effective POME treating method is required to
meet a tighter regulation. Catalytic steam reforming process
appears to be a good candidate for POME treatment. Hence,
the application of catalytic steam reforming in POME treat-
ment should be furtherinvestigated to maximize its potential.

Conclusions

Post-filtration POME waste with high organic content
(27000 ppm of COD & 16800 ppm of BOD, according to POME
characterization) is a good candidate for syngas generation
through steam reforming over 20wt%Ni/80wt%Al,0; catalyst.
Based on the results, the BOD and COD reduction of POME can
be enhanced by increasing the LHSV. The highest BOD and
COD reduction achieved were 93.7% and 93.8% with H,
selectivity of 51.44% achieved under the flow of 90 mL h=* gzh
of POME and 20 mL min * of N, carrier gas at 873 K. However,
the H, production of this experiment reduces with time due to
the severe carbon deposition. Normalized carbon loss analysis
accurately predicted the extent of carbon deposition at high
LHSV experiment (90 mL h™* git), which eventually confirmed
by the post-reaction analysis of spent catalyst. Coke formation
can be minimized by increasing the reaction temperature,
judging from the normalized carbon loss. In addition, the BOD
reduction, COD reduction and H, selectivity can also be
enhanced with elevated reaction temperature. At reaction
temperature of 1173 K, 99.41% of COD reduction and 99.50% of
BOD reduction were achieved at LHSV of 90 mL h * g,k of
LHSV and 20 mL min * of N, carrier gas, generating product
gas with 66.38% of H, gas. In addition, POME waste was also

successfully decolourized in all set of experiment with
decolourization efficiency of more than 99.5%. As a conclu-
sion, steam reforming of POME over 20wt%Ni/80wt%Al,03
catalyst could be a new alternative for POME waste treatment.
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HIGHLIGHTS

o The sources and characteristics of POME and OMW are reviewed.

o The treatment methods for both POME and OMW are compared.

« Biological treatment is common in POME but not in OMW.

o Thermochemical method especially hydrothermal treatment has great potential.
e The future prospects of are proposed.

ARTICLE INFO ABSTRACT

Article history: Attributable to the enormous population growth, tonnes of effluents are unavoid-
Received 10 February 2019 ) ably generated throughout the agricultural activities. The inadequate effluents disposal
Received in revised form 14 April 2019 induces perpetual contamination to the sea and river water sources, which has subse-

Accepted 15 April 2019

‘ai ubli vironmer rn. For that r . i
Available online 19 April 2019 quently raised the public environmental conce or that reason, the handling protocol

of agricultural effluents was flagged up as an interest area for research. Despite the

Keywords: environmental hazards, agricultural effluents have the potential to be transformed from
Agricultural effluent wastes into wealth via biological, physicochemical, thermochemical or a combination
Olive mill wastewater of processes thereof. The identical characteristics of palm ail mill effluent (POME) and
Palm oil mill effluent olive mill wastewater (OMW) render the possibility of treating these wastes using the
Wastewater treatment similar treatment method. Generally, biological treatment requires a longer process

time compared to physicochemical and thermochemical technologies despite its easy
and low-cost operation. Comparatively, physicochemical and thermochemical methods
extend their potentiality in converting the agricultural éffluents into higher value
products mote efficiently. This paper reviews the source and characteristics of both
POME and OMW. Subsequently, a comparison of the current and alternative treatments
for both effluents was done before the future perspectives of both effluents’ treatment
are paved based on the well-being of the human, environment, and economic.

© 2019 Elsevier B.V. All rights reserved.
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Table 6
Comparison of treatment methods for OMW and POME.
Method Description Superiority Drawbacks
Biological Use of microbes in POME to Tackle on the biodegradable Time-cansuming.
degrade the organics. compounds. Large area is needed.
Low cost in overall.
Physicochemical Use of physical separation Simple and less Ineffective treatment output.
time-consuming compared to Costly.
bialogical methad.
Thermochermical Use of heat and chemical Able to valorise organic-rich Energy-intensive.
wastewater. Costly.

2016; Molinos-Senante et al., 2013), Besides, the expensive materials and long term stable operation are the concerns
in commercialising the treatment research from lab-scale to the industrial level (Krishnan et al, 2019). In the future
perspective, both the wastewater treatment systems should consume the least time and be able to meet the discharge
standard at the end-of-pipe of the treatment process. Beyond that, the conversion of these wastes into value-added
products, such as syngas, activated carbon solid and organic compounds like residual oil is highly appreciated. The cost
of materials and operation stability should be taken into consideration in designing the alternative POME and OMW
treatment systems. The utilisation of safer, more convenient and profitable system could be the favoured treatment option
in the future.

6. Conclusion

The inexperience of agricultural operators and absence of sophisticated treatment technology are the major causes of
the improper disposal of the agricultural effluents. The environmental concern and stringent waste discharge guidelines
have pressured both the edible oil industries to design a more effective wastewater treatment system. On the other
hand, the insufficient effort from the legislative bodies in providing incentives to optimise the agricultural practice, and
vague regulations enforcement have discouraged the proper treatment of effluents. Energy recovery from the wastewater
treatment is the latest ultimate target from the viewpoint of the sustainability agenda. Both agricultural effluents exhibit
similar composition and characteristics. Owing to the abundant organic constituents both POME and OMW, more effort
should be paid in recovering them from POME using economically profitable and environmental-benign tactics. Majority
of the biological treatment methods such as anaerobic digestion, co-compesting and vermicomposting are claimed to
be ineffective in harnessing energy. Despite that, biological treatment especially anaerobic digestion method is still the
common treatment for POME due to the simplicity and effectiveness in biodegradation. Meanwhile, more studies on
thermochemical and physicochemical methods were done in OMW treatment, owing to the high recalcitrant polyphenols
content. Thermochemical treatment especially hydrothermal gasification under supercritical state was widely discussed
in handling OMW but not POME. However, the limitation of energy-intensive reaction owing to its process condition
should be overcome. This novel approach is recommended to be carefully studied for its potentiality in converting POME
into value-added products.
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ABSTRACT

This study evaluates the effects of subcritical hydrothermal treatment on palm oil mill
effluent (POME) and its concomitant formations of solid hydrochar, liquid product and
gaseous product. The reactions were carried out at temperatures ranged 493 K-533 K
for 2 h. The highest reduction of chemical oxygen demand (COD) and biochemical
oxygen demand (BOD) were 58.8% and 62.5%, respectively, at 533 K. In addition, the
removal of total suspended solids (TSS) achieved up to 99%, with the pH of POME
reaching 6 from the initial pH 4. The gas chromatography coupled with mass
spectroscopy (GC-MS) analysis showed that the fresh POME contained n-Hexadecanoic
acid as the dominant component, which gradually reduced in the liquid product in the
reaction with increased temperature, in addition to the attenuation of carboxyl
compounds and elevation of phenolic components. The gaseous products contained
CO;, CO, Hz, and C3; — Cg hydrocarbons. Traces of CH4 were only found at 533 K. CO2
is the dominant species, where the highest of 3.99 vol% per 500 mL working volume of
POME recorded at 533 K. The solid hydrochars showed negligible morphological
changes across the reaction temperature. The O/C atomic ratio of the hydrochar range
from 0.157 to 0.379, while the H/C atomic ratio was in the range from 0.930 to 1.506.
With the increase of treatment temperature, the higher heating value (HHV) of the
hydrochar improved from 24.624 to 27.513 MJ kg"'. The characteristics of hydrochar
make it a fuel source with immense potential. POME decomposed into water-soluble
compounds, followed by deoxygenation (dehydration and decarboxylation) in producing
hydrochar with lower oxygen content and higher aromatic compounds in the liquid
product. Little gaseous hydrocarbons were produced due to subcritical hydrothermal
gasification at low temperature.

1. INTRODUCTION

Hydrotreating POME, which is a recalcitrant organic-rich wastewater, represents another
frontier of knowledge that remains unexplored. This work was undertaken to investigate
the effects of subcritical hydro-treatment, a condition achieved below the Pgitca and
Teiticat Of water, on the solid and gas production from POME. Parameters of POME, after
treatment, were analysed and reported herein.

2. RESEARCH METHODOLOGY

2.1. Feedstock collection and storage

30-L of fresh POME was collected from a local palm oil mill based in Gambang,
Kuantan. The collection point was at the end-of-pipe and was not pre-treated to preserve
the originality. The temperature of the effluent was measured directly using a
thermometer. It was characterised on the same day to obtain the initial properties. The
POME was then tightly-sealed in a black container and kept in the fridge at temperature
of 277 K. Prior to the hydrothermal subcritical treatment, the POME in the container was
gently shaken to ensure its homogeneity.

2.2. Subcritical hydrothermal treatment of POME

The reactor was operated in a batch mode from 493 K to 533 K for 2 h. The liquor was
stirred at a single speed of 500 rpm. A working volume of 500 mL was used in all
subcritical, highly-pressurised hydrothermal reaction. Inert N> gas was channelled into
the reactor for purging, prior to each experiment. Initial pressure in the reactor was set at



50 bar, followed by an autogenous pressure built up throughout the reaction to maintain
the POME at liquid phase. In the heating phase, 30 min—40 min were required to
achieve the set point temperature. The temperature remained constant for 2 h during the
holding phase, where the high pressure hydrothermal process occurred. To ensure the
reproducibility of the reaction, all the experiments were run in triplicates. Sampling of gas
product was done after the 2 h reaction. For the liquid product, it was discharged into a
500-mL beaker from a drain valve located at the bottom of the reactor. The liquid sample
was subsequently stored in sampling bottles for further analysis. The wet hydrochar was
collected using a spatula by removing it from the inner wall of reactor and magnetic
stirrer. The wet hydrochar was then oven-dried at 378 K for 3 h to remove the physically-
bound moisture, prior to further analyses.

2.3. Liquid product analysis

Liquid samples from different runs were selectively chosen for analyses of their
wastewater qualities, such as pH, chemical oxygen demand (COD), biological oxygen
demand (BOD) and total suspended solids (TSS). The pH value of POME was
determined using pH indicator strips, sourced from Merck. For COD analysis, a total 2
mL of diluted POME sample was pipetted into the oxidation vial. Meanwhile, a vial with
distilled water was used as the datum. The vials were then placed in the vial socket of
DRB200 reactor followed by heating to 423 K and maintained at the stipulated
temperature for 2 h. The reading of each vial was repeated for three times. In addition,
BOD for 6 days (BOD5) was measured to determine the oxygen uptake by the
microorganisms in the samples. A total of 1 mL for each of the phosphate buffer,
magnesium sulphate (MgSOQ.), calcium chloride (CaCly), ferric chloride (FeCl:) solutions
were mixed and diluted to a 1000 mL dilution water. The fresh POME and liquid products
were diluted at dilution factors of 1500 and 100, respectively, using the dilution water.
The prepared samples were transferred to 300 mL incubation bottle, with drop-wise
addition of 1 N NaOH to maintain the pH in the range of 6.5-7.5. The incubation bottles
were stored in a BOD incubator at 293 K for 5 days after measuring the initial DO.

TSS of POME was checked using vacuum filtration through a 47-mm nylon membrane
with a pore size of 0.45 ym. 100 mL of diluted POME sample was filtered through the
membrane, which was washed and dried to a constant weight. After the filtration
process, the membrane was dried repeatedly at 323 K until a constant weight obtained.
The TSS in mg/L was calculated based on the weight difference of the membrane.

The fresh POME and liquid stream were subjected to freeze-drying process to obtain the
residues for gas chromatography coupled with mass spectroscopy (GC-MS) analysis.
The freeze-drying process was done by subjecting 50 mL of each sample into Labconco
freeze dryer at 193 K and 0.14 mbar. The freeze-dried sample was then fed to Agilent
7890A GC-MS with thermal desorption system to identify the organic components in the
POME sample. The freeze-dried sample powder was loaded on a micro-vial before
inserting to the GC injector, where the available compounds were eluted by 1 mL/min of
He gas through a capillary column, viz. Agilent J&W DB 5-ms (30 m x 0.25 mm ID, 0.25
um df, Fused Silica). A ramping rate of 8 K/min was employed to raise the initial
temperature of GC column from 323 K to 473 K, followed by ramping rate of 10 K/min to
573 K. The GC oven was operated at 573 K while the injector port and MS detector were
operated at 523 K. NIST mass spectral library was available for identification of
compounds.



2.4. Gaseous product analysis

Gas sampling bags were used to collect the gaseous product before it was injected to a
gas chromatography (GC) instrument to determine the composition of gas. The GC-
Agilent 6890 N series was equipped with TCD and two packed columns; Supelco
Molecular Sieve 13x (10 ft x 1/8 in OD x 2 mm |D, 60/80 mesh, stainless steel) and
Agilent Hayesep DB (30 ft x 1/8 in OD x 2 mm ID, 100/120 mesh, stainless steel) for
detecting CO2, CH., Hz> and CO. Helium was used as a carrier gas with effective column
temperature of 393 K and flowrate of 20 mL/min. A full separation of the gas
components required a retention time of around 15 min.

2.5. Solid product analysis

The percentages of fixed carbon (FC), volatile matter (VM) and ash are commonly
measured via thermogravimetric analysis (TGA) for quality characterisation of fuel
materials and their thermal properties (Stirling et al., 2018; Zhao et al., 2016). The
hydrochars were dried in oven at 378 K for 24 h to remove the moisture content prior to
dry-basis TGA work. In this work, the thermogravimetric profile of 6.5 mg hydrochar on
an aluminium pan was conducted using Hitachi STA7000. The temperature was ramped
from 303 K to 623 K under 50 mL/min of N2 flow, followed by 50 mL/min air flow up to
1273 K, at a heating rate of 5 K/min. At the end of the analysis, the sample was held at
1273 K for 15 min to determine the ash content.

The high heating value (HHV) of the hydrochar was estimated using Channiwala and
Parikh formula (Channiwala and Parikh, 2002) which is typically employed for its
acceptable accuracy, where 1.45% and 0.00% for average absolute error and bias error,
respectively. All the spectrum of the hydrochar consisting of gas, liquid and solid phase
would be included entirely in the formula as well (Zhang et al., 2015).

The elemental analysis on dry basis of hydrochar for C, H, S and N contents was
performed using Perkin Elmer Series || CHNS/O Analyser 2400 and the elemental O
content was determined by difference.

The surface morphology of hydrochar samples was analysed using SEM-EDX (Brand:
FE! Quanta 450). The integrated EDX detector was utilised to study the elemental
distribution on the samples surface. FEl software was used in interpreting and
quantifying data. For the sample preparation, the hydrochar was oven-dried at 378 K for
24 h to evaporate the moisture content. 50 mg of dried samples were cut with a razor
blade in the desired shape before it was evenly dispersed onto a carbon conductive pad
on top of an aluminium stub. The prepared samples were then coated with Pt to
minimise the charging effect. The stubs were placed on the sample rack in the specimen
chamber of the microscope. Images of the hydrochar were generated by using an
electron beam of 10 kV with a spot size of 4. High vacuum mode was prioritised in the
SEM imaging with sputter coating done on the samples surface to get the best images.

3. LITERATURE REVIEW

POME is not a single-source wastewater but consists of a combination of wastewater
from three main sources, viz. clarification (60%), sterilisation (34%) and hydrocyclone
(6%) (Ahmad and Ghufran, 2018). POME contains various suspended constituents,
namely cell walls, short fibres, organelles, a series of carbohydrates ranging from
hemicellulose to simple sugars, various nitrogenous compounds from proteins to amino



acids, free organic acids, and an assembly of minor organic and mineral components
(Ahmad and Ghufran, 2018; Wu et al., 2010).

Environmental Quality Act 1974 regulates the effluent disposal from the palm oil
industry. Malaysia's Department of Environmental (DoE) has enforced a comprehensive
wastewater discharge policy; the BOD value of POME must be reduced to 100 ppm
threshold. Since 2006, 20 ppm BOD discharge limit has been enforced in East Malaysia
(MPOA, 2014). However, there is no regulatory control for both COD and total solids
(TS) from DoE after 1984, for POME discharge.

In spite of strict regulations, it can be difficult to meet the discharge criteria, which can be
attributed to obsolete waste treatment system (Ng and Cheng, 2016). More than 85% of
the oil palm millers employ open ponding system for POME treatment as this method is
relatively cheap and incurs low operating cost (Poh and Chong, 2009). Nevertheless,
this treatment system suffers from long hydraulic retention time (HRT), typically around
45-60 days, vast land area for pond creation, terrible odour and difficulty in sustaining
liquor distribution and biogas collection (Zinatizadeh et al., 2006).

Over the years, numerous alternate POME treatment methods to overcome the
drawbacks of current system have been evaluated. Methods such as coagulation-
flocculation (Zahrim et al., 2017; Teh et al., 2016), microbial fuel cell (Cheng et al.,
2010), up-flow anaerobic sludge blanket — hollow centred packed bed (UASB-HCPB)
(Chan et al,, 2015; Poh and Chong, 2014), membrane filtration (Ali et al., 2015),
advanced oxidation processes (AOP) (Alhaji et al., 2018; Ng et al., 2016; Ng and Cheng,
2015) and ultrasonic-assisted membrane anaerobic system (USMA) (Jamal et al., 2007)
were reported. Nevertheless, these systems have limited scale up potential, mainly due
to both capital and operating cost. In addition, most of the studies were only conducted
at laboratory-scale, far from industrial practicality.

Recently, the conversion of wet biomass into useful hydrochar, bio-oil and gaseous
products using pressurised hydrothermal process has gained a lot of interest due to its
perceived “green pathway”. Hydrochar is a carbon-rich solid residue product generated
from the hydrothermal treatment. Extensive studies have been done on hydrochar
production from different biomass, such as wood chips, empty fruit bunches, microalgae,
pine and fruit wastes (Zhang et al., 2018; Simsir et al., 2017; Wu et al., 2017; Parshetti
et al., 2013; Heilmann et al., 2010). Hydrochar as an intermediate product that can be
further processed into some value-added substance, such as a low-cost adsorbent
(Islam et al., 2017; Takaya et al., 2016), solid fuels (Liu et al., 2014, Liu et al., 2013),
supercapacitors (Gao et al., 2015; Ding et al., 2013) and for carbon sequestration as
well as soil amendment (Windeatt et al., 2014; Tsai et al., 2012; Sevilla and Fuertes,
2009).

From our search in the literature, hydrothermal treatment of POME in subcritical
condition remains unexplored. Subcritical water is a state in the temperature range of
373-647 K and the pressure in the system must be at or above saturated pressure to
ensure the water remains as liquid (Kruse et al., 2013; Cheng et al., 2009). Subcritical
hydrothermal treatment possesses several benefits as it is easy to implement, and has
low capital and operational costs (Abu Tayeh et al., 2016), due to low temperature
requirement (Osada et al., 2004).

In comparison to the open ponding system, hydrothermal process could treat POME in a
substantially reduced reaction time without requiring large area of land, while producing



value-added products as the treatment output. Besides, hydrothermal process is more
energy-saving compared to conventional bioenergy production, because the organic-rich
wastewater such as POME can be converted to useful products without prior-drying. To
the best of our knowledge, no systematic study has been done on investigating the
products from POME hydrothermal treatment. Thus, pressurised subcritical
hydrothermal treatment of POME was carried out in the current work to evaluate the
process. The effects of reaction temperature on the wastewater quality treatment and its
concomitant product distribution was investigated.

4. FINDINGS
Liquid Product Characterisation

Characterisation of POME post-treatment showed an overall reduction in COD, BOD;
and TSS, as well as an increase in pH value. The pH values for all samples are acidic as
shown in Figure 1. It may be attributed to the remaining organic acids in the products
that was originated from the decomposition of monosaccharides content in fresh POME
(Berge et al., 2011). The pH values were higher in all the liquid products and showed a
consistent increase from 493 K to 533 K, as shown in Figure 1. As indicated by the GC-
MS analysis results in Table 1, the carboxylic compounds in the fresh POME probably
has transformed into a carbon-densified hydrochar and gases such as CO; and CO with
the increase of reaction temperature. The step-up of phenolic compounds was derived
from the slow degradation of lignin in POME at the increase of reaction temperature.
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Figure 1: pH value of the liquid output.



Table 1: Qualitative analysis of major organic compounds via GC-MS.

Organic Components

Area (%)

Fresh
POME

493K 503K 513K 523K

533K

Methylamine, N,N-
dimethyl-
1,3-Propanediamine, N,N-
dimethyl-

Hydrazine, ethyl-
Butanoic acid, 3-methyl-
Hydrazine, 1,1-dimethyl-
Hydrazine, 1,2-dimethyl-
Pentanoic acid

Butanoic acid, 3-methyl-
L-Serine, ethyl ester
1,2-Ethanediol, diformate
Allyl ethyl ether
Silacyclopentane
Hexanoic acid

Butanal, 2-methyl-
Pyrrolidine, 1-methyl-
Pyrrolidin-2-one, 5-[2-
butyrylethyl]-
2-Hexanone, 4-methyl-
Piperidine, 1-methyl-
Thiophene

Azetidine, 2,2,3,3-
tetramethyl-

Aziridine, 2,2,3,3-
tetramethyl-
1-Buten-3-yne, 2-methyl-
N-Ethyl-2-
methylallylamine
2,2,4,7-Tetramethyl-3,6,9-
trioxa-2-silatridecane
2-Mercaptothiazole
N-t-Butyl-N'-2-|2-
thiophosphatoethyl]
aminoethylurea
2-Octanone
5,6-Diamino-1,3-
dimethyluracil

Phenol
1,6-Dideoxy-l-mannitol
1,6-Anhydro-2,4-dideoxy-
.beta.-D-ribo-
hexopyranose

Ethanone, 1-(1H-pyrrol-2-

0.64

0.71
1.34
6.62
6.93

0.97
2.13

1.18

0.56

0.53

3.94
1.97

6.98

3.85

0.82

9.01
0.98
1.01

3.43



Organic Components

Area (%)

Fresh
POME

493 K

503K

513K

533K

yD-

m-Guaiacol
Methanamine, N-
methoxy-
1,1-Dimethylbutyl(prop-2-
enyl)sulfide

1-Pentanol, 2,2-dimethyl-
O-Methoxy-.alpha.-
methylbenzyl alcohol
(Z)-4-Methyl-5-(2-
oxopropylidene)- SH-
furan-2-one
4-Isopropylthiophenol
Phenol, 2-
(dimethylamino)-

Silane, diethoxymethyl-
4-Hydroxy-2-
methylacetophenone
Benzene, 1-isocyano-3-
methoxy-

Oxime-, methoxy-phenyl-
2,3-Dimethylbenzaldoxime
4-Ethylbenzoic acid, 2-
butyl ester

Phenol, 2,6-dimethoxy-
1,4-Pentadiene, 2,3,4-
trimethyl-
6-Acetamido-1,4-
benzodioxane

Ethanol, 2,2-diethoxy-
2,4-Hexadienoyl chloride
Cyclohexene, 1-chloro-6-
methyl-

1H-Indole, 2-methyl-
2-Isopropylimidazole
1-(1-
Propynyl)cyclohexanol
2'4'-
Dihydroxyacetophenone
oxime
5-tert-Butylpyrogallol
1-Methyl-1,6-
diazaplenalene

Phenol, 2-

1.81

1.44

0.92

2.12
3.29
21.52
21.36
1.03

3.43

1.6

35.89

15.95
13.34
17.17

1.05

1.47
1.15

4.09



Organic Components Area (%)
Fresh 493K 503K 513K 523K 533K
POME

(dimethylamino)-

Hexadecane - 6.13 - - -
Phenol, 4-amino- - - - -
Hexadecanoic acid, methyl - 428 23.18 1438 - -
ester

Hexadecanoic acid, ethyl - 1.23 - - - -
ester

Heptadecanoic acid, ethyl - - - 0.93 - -
ester

E-11-Tetradecenoic acid -
n-Hexadecanoic acid 72.58
5-Octadecene, (E)- 1.37
10-Octadecenoic acid, - oy - - - -
methyl ester

Octadecanoic acid -
1H-Tetrazol-S-amine 0.92
cis-13-Octadecenoic acid, - - 11.36 8.53 - -
methyl ester

Tetradecanoic acid, 12- - - 0.84 - - -
methyl-, methyl ester :
Oleic Acid - 0.6 - -
n-Propyl 9-octadecenoate - - - 1.03 - -
10-Octadecenoic acid, - - 1.65 - - -
methyl ester

N- - - 0.56 - - -
[Dimethylaminomethyl]azi

ridine

9-Octadecenamide, (Z)- - - 0.63 1.03 - -
Bis(2-ethylhexyl) - 0.79 - - - -
phthalate

Oxazole 1.2 - - - - -

5 5 055 -

'
W
—
SN

1

1

1

- - 0.77 - -

Figure 2 shows that both COD and BODs reduction gradually increased with the
increase of hydrothermal temperature. The COD and BODs readings at 493 K were
36400 ppm and 9178 ppm, respectively, while the COD reading recorded 21500 ppm
and 7477 ppm for the BODs reading at 533 K. The liquid product achieved a COD
reduction of 30.3% and 58.8% at 493 K and 533 K respectively. Meanwhile, highest
BOD; reduction also recorded at 533 K, which has a value of 67.6%, compared to the
lowest of 35.6% at 493 K. Compared to the open ponding system, these results are
remarkable, assuming a 2 h hydrothermal treatment in the commercial-scale batch
reactor is with proper design that could minimise the limitation of mixing, mass and heat
transfer to maintain the lab-scale performance (Coker, 2001).

Figure 2 also displays a TSS reduction of more than 90% in all experiment sets. TSS
reduction showed a gradual increase from 493 K to 533 K, equivalent to reductions of



90.12% and 99.42%, respectively. The improving reduction percentage could be due to
the increased amount of hydrochar which was readily separable from the liquid product.
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Figure 2: BODs, COD and TSS reduction from 493 K to §33 K.

Gaseous product analysis

The gas produced from the subcritical hydrothermal treatment of POME for 2 h in
various temperature was also analysed. The gaseous products mainly comprised of
CO,, CO, H: and traces of higher number carbon gases (Cz — Cs). Traces of CH4 were
observed at 533 K as it can only be produced at higher temperature through CO
methanation. The gas composition at different reaction temperatures is depicted in
Figure 3. The dominant gas product was CO,, where the lowest of 3.10 vol% at 493 K
while the highest of 3.99 vol% per working volume of 500 mL POME at 533 K. By
ighoring CHs, the H: production was the smallest, which in the range of 0.0005 — 0.03
vol% over 500 mL POME. The insignificant production of H, could be possibly due to two
main reasons. Firstly, POME contains higher lignin-to-cellulose ratio compared to the
other agricultural fibrous residues (Wong et al., 2008). Biomass with higher composition
of cellulose and hemiceliulose would produce more H;, while H» yield will be inhibited by
the existence of lignin in the structure of biomass (Salimi ef al., 2016). Another reason
for the low volume of H; generated was due to the absence of catalyst in this range of
temperature. The catalyst is suggested to aid in turning the big molecules into smaller
molecules on the catalyst surface, followed with steam gasification of small molecules to
produce CO and H,, followed by CO methanation and CO shift reaction to produce CHa
and CO. (Kong et al., 2008; Sharma, Nakagawa & Miura, 2006).
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Figure 3. Composition of gaseous products (vol% / mL POME) in the range of 493 K to
533 K.

Solid product Characterisation
Visual Observation

From the visual observation, wet hydrochar obtained from reactions at 513 K to 533 K
were stickier than the wet hydrochar obtained at 493 K and 503 K. The collected
hydrochar was placed on an aluminium boat and dried at 378 K for 3 h. The dried
hydrochar from experiments 513 K to 533 K possessed gummy texture, retaining its
sticky and dense consistency, whereas the hydrochar obtained at lower reaction
temperature, viz. 493 K and 503 K were of powder form.

Proximate & Elemental Analyses

The proximate analysis was estimated from TGA analysis, as shown in Figures 4(a) to
4(d). The VM, FC, ash content and corresponding HHVs of the POME and hydrochar
samples are summarised in Table 2. In comparison to POME, the FC content of the
hydrochar increased gradually about 56.69% to 63.65%, from 41.47% of the fresh
POME), suggesting an increasing conversion of ash-free organic constituents into
carbon at higher temperature. Besides, the VM in the hydrochar was significantly lower
than that in the fresh POME. Similar findings were reported by Kalderis and co-workers
(Kalderis et al., 2014). The decrease of VM content was with the increase in gaseous
products when hydrothermal temperature was increased. The ash content showed an



increasing uptrend from 7.21% (493 K) to 12.05% (533 K), compared to the fresh POME
at 11.54%. The increase of ash content with the elevation of reaction temperature
suggests us the decomposition of organic components (Makela & Yoshikawa, 2016).
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Figure 4(a): TGA for freeze-dried fresh POME.
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Figure 4(b): TGA for hydrochar at 493 K.



7.000 330

6.000 300
5.000 - L 250
'gu 4.000 200
.;5 3.000 150
2.000 100
1.000 50
0.000 0

0 100 200 300 400 300 600 700 800 900 1000
Teruperature (°C)

Figure 4(c): TGA for hydrochar at 513 K.
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Figure 4(d): TGA for hydrochar at 533 K.
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Table 2: Proximate analysis on a dry weight basis of the freeze-dried fresh POME and
hydrochar produced at different reaction temperatures.

Sample VM (%) FC (%) Ash Content (%)
Raw POME 46.99 41.47 11.54

493 K 36.10 56.69 7.21

503 K 33.70 57.36 8.94

513K 30.90 58.60 10.50

523 K 27.40 60.90 11.70

533 K 24.30 63.65 12.05

5. CONCLUSIONS

Hydrothermal treatment under subcritical condition provides a new idea for the treatment
and utilisation of POME. Optimum reaction temperature was at 533 K as it resulted the
highest COD, BOD;s and TSS removal, which recorded at 58.81%, 62.47% and 99.71%
respectively, with pH of around 6.5 due to the reduction of carboxylic compounds.
Organic compounds with phenolic group increased with reaction temperature. The liquid
product wastewater quality is comparable with the effluent in anaerobic section of open
ponding system. Further treatment of liquid product, such as aerobic treatment, is
recommended as the BODS5 still has not achieved the local discharge standard. The
dominant gaseous product was CO,, followed by CO, H. and higher number
hydrocarbons, i.e. Cz3 — Cs. CHs was found in traces amount at 533 K. Gaseous
production increased with the increase of temperature. The FC increased whereas VM
reduced in the hydrochar produced at higher temperature. Both the O/C and H/C atomic
ratio of the hydrochar produced at 533 K were at the lowest, recorded 0.157 and 0.930
respectively, giving hydrochar a promising behaviour as a combustion fuel. For
hydrothermal reaction under subcritical condition, deoxygenation which consisted of
dehydration and decarboxylation is proposed to be the major reaction after hydrolysis
took place. As POME is richer in lignin, slow polymerisation of lignin into phenolic
compounds was suggested with the increase of reaction temperature. Based on the
positive treatment output, hydrothermal treatment has a great potentiality to be focused
on to overcome the weakness of current open ponding system. A continuous flow study
is recommended in future work in order to satisfy the application of this novel POME
treatment at elevated scale. One of the industrial concerns of having hydrothermal
process for POME treatment will be the plugging problem in continuous flow system.
Two-stage hydrothermal treatment (Sintamarean et al., 2017; He et al.,, 2014) and
continuous stirred tank reactor (CSTR) (Ocfemia et al.,, 2006) are good attempts to
overcome the plugging obstacle. In addition, catalytic study is necessary to enhance the
organic compounds degradation and to reduce the operation severity. From there,
kinetic and process optimisation studies can be performed to deepen the understanding
of this novel wastewater treatment.
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