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The main goal of this special issue was to gather contri-
butions dealing with the latest breakthrough methods for
providing value compounds and energy/fuel from waste
valorization. Valorization is a relatively new approach in the
area of industrial wastes management, a key issue to promote
sustainable development. In this field, the recovery of value-
added substances, such as antioxidants, proteins, vitamins,
and so forth, from the processing of agroindustrial byprod-
ucts, is worth mentioning. Another important valorization
approach is the use of biogas from waste treatment plants for
the production of energy. Several approaches involving phys-
ical and chemical processes, thermal and biological processes
that ensure reduced emissions and energy consumptions
were taken into account. The papers selected for this topical
issue represent some of the mostly researched methods that
currently promote the valorization of wastes to energy and
useful materials. As such, they provide interesting and timely
research results in that field that we have the pleasure to share
with the readers. We would like to thank all the authors for
submitting their nice papers and all the referees for their
excellent feedback.

This special issue includes eight papers, where one paper
is related to the production of energy from biomass, and four
papers cover application of advanced oxidation processes
and of biological sorbents for the treatment of wastewaters.
One paper addresses the rapid stabilization of organic wastes
during the composting process and another utilization
of agrowastes for preparation of PCV-based composites.
Finally, one paper presents a technoeconomic analysis for
production of value-added compounds from wastewaters.

In the paper entitled “Biofuels production from biomass
by thermochemical conversion technologies,” Verma et al.
presents a brief review on various available technologies for
thermochemical conversion of biomass into biofuels that
can be used as alternatives to fossil fuels. Some advantages
of utilizing biomass pyrolysis for production of sustainable
energy in comparison to combustion and gasification are also
reported in this paper.

In the paper “Titanium dioxide-mediated photocatalysed
degradation of two herbicide derivatives chloridazon and
metribuzin in aqueous suspensions,” Khan et al. propose the
advanced oxidation process with TiO, photocatalyst for the
degradation/mineralization of two herbicides in aqueous
suspensions. They demonstrate that in the case of CHL the
highest degradation efficiency is achieved at pH 3.2, whereas
for MET better degradation conditions are attained under
alkaline conditions.

In the work entitled “Degradation of abamectin using the
photo-fenton process,” Thiago et al. investigate the application
of photo-Fenton process for the degradation of abamectin
that is the active principle of one of most commonly
used pesticides in the cultivation of strawberries. Their
experiments showed that 70% of the initial load of the
compound existent in water samples is removed after 60
minutes of UV radiation.

In the paper “Utilization of agrowaste polymers in pvc/nbr
alloys: tensile, thermal, and morphological properties,” Ahmad
et al. examine tensile properties of poly(vinyl chloride)-
PVC/nitrile butadiene-NBR formulations with wood fluor
(WFEF), a natural byproduct from olive oil extraction industry.



They concluded that WF loading improves the tensile mod-
ulus of the blend, whereas the tensile strength is kept
approximately constant.

The research of Nduka entitled “Application of chemically
modified and unmodified waste biological sorbents in treatment
of wastewater” focuses on the removal of pollutants of the
textile industry and heavy metals contained in wastewaters
using protein and cellulosic wastes. He presents high efficien-
cies in the detoxification of wastewater as dependent on the
particle size of cellulosic waste sorbents and contact time.

In the paper “Valorization of agroindustrial wastes as bio-
sorbent for the removal of textile dyes from aqueous solutions,”
Contreras et al. study the technical feasibility of using
agroindustrial wastes for adsorption of dyes. Their results
based on equilibrium isotherms and kinetic tests have shown
that those biosorbents have significant potential for removal
of basic dyes from aqueous solutions.

In the paper “Use of iron (II) salts and complexes for
the production of soil amendments from organic solid wastes,”
Beneduci et al. propose the use of iron (II) ions in the
oxidative decomposition process of solid wastes. It was
demonstrated that these ions significantly enhance the extent
of the oxidation process as evaluated from the value C/N
ratio.

In the paper entitled “High-added value materials produc-
tion from OMW: A technical economical optimization,” Arvan-
iti et al. present a technoeconomic analysis for the treatment
of olive mill wastewater (OMW) using the integration of
membranes processes, namely, ultrafiltration, nanofiltration
and reverse osmosis. They have shown that the utilization
of isolated OMW fractions in fertilizers or in ecological
herbicides can depreciate the total cost for a period of
approximately five years.
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The extraction of olive oil generates huge quantities of solids and of high organic wastewaters with toxic constituents that have
a great impact on land and water environments. Based on a membrane process, authors proposed an alternative method for
treatment of olive mill wastewaters (OMWs). In the present paper, a technoeconomic analysis for the implementation of the
proposed method in the entire Region of Western Greece (RWG) is presented. This paper takes into account fixed and operational
costs, costs for the infrastructure, equipment, land, maintenance, and so forth, considering the treatment of 50,000 tons per
harvesting period in the area of RWG. The study showed that the establishment of only one central treatment manufacture could
reduce the uncontrolled disposal of OMW. Exploitation of the isolated fractions as manure in fertilizers (nutrients components)
or as components in ecological herbicides (phenolics) can depreciate the total cost in a period of about five years.

1. Introduction

Olive oil production has roughly increased worldwide in the
last decades. Mediterranean countries produce 95% of the
total world production of olive oil [1]. The largest producers
of olive oil are Spain (42% of world production in 2007),
Italy (19%), and Greece (13%), followed by Tunisia, Syria,
Morocco and Turkey [1]. This makes olive oil extraction an
agroindustrial activity of vital economic significance to many
Mediterranean countries.

Despite the economic benefit, olive oil production is
unfortunately associated with the generation of large quanti-
ties of wastewaters (olive mill wastewater—OMW) [2] and
solid wastes, whose management, treatment, and safe dis-
posal raise serious environmental concerns. A typical olive
mill is currently producing on the average some 1,000 metric
tons of toxic liquid wastes per harvesting season [3]. Olive
mill wastewater (OMW) is a mixture of nutritious agents
appropriate for fertilizing or animal feed (inorganic salts,
proteins, fat substances, etc.), as well as phenolics, tannins,
and other substances with phytotoxic action. The character-
istic properties of OMW include its dark color, characteristic

odor, acidic pH, and high organic content mainly composed
of classes of pollutants such as phenolics that may exhibit
antimicrobial, ecotoxic, and phytotoxic properties [4, 5]. The
BOD (biochemical oxygen demand) and COD (chemical
oxygen demand) of these wastewaters are such that the
environmental damage from each olive mill is serious in
touristic and agricultural Mediterranean regions. Due to the
high organic load of OMW, it may contribute significantly
to eutrophication of recipients in which fluid exchange rates
are low (closed gulfs, estuaries, lakes, etc.) [6-8]. An addi-
tional adverse impact of OMW on the environment is the
aesthetic degradation caused by its strong odour and dark
coloration. Problems arise also from the fact that olive oil
production is seasonal, and so the treatment process should
be flexible enough to operate in a noncontinuous mode; oth-
erwise storage of the wastewater will be required [9]. More-
over, the olive mills are small enterprises, mostly family busi-
nesses, scattered around the olive production areas, making
individual on-site treatment options unaffordable. There-
fore, it is not surprising that OMW treatment has received
enormous attention over the past several years, and various



decontamination technologies based on biological, advanced
oxidation, chemical and separation processes have been pro-
posed by several research groups as summarized in a recent
review article [10].

OMW composition depends significantly on the olive
type and the treatment procedure. Thus, it may be different
from one region to another and among the olive mills of
the same region. In general, these wastewaters contain the
largest fraction of water-soluble components of olives, solid
organics, and fats and lipids. The majority of olive oil mills
in Greece use the three-phase decanter systems that produce
huge quantities of liquid wastes. The solids (olive kernels)
are sold to olive core companies to produce the well-known
olive core oil which is of less nutritious value. The liquid
OMW is produced by the liquid fraction of the olive juice and
the water used during the different phases of olive mill pro-
cessing. Essentially, it is an aqueous vegetable extract, con-
taining a number of substances such as sugars, nitrogenous
compounds, organic acids, polyalcohols, polyphenols, and
oil residue.

It should be noted that the production of olive oil is a
natural process, and thus the olive mill wastewater does not
contain other substances that are highly toxic, such as heavy
metals and synthetic organic compounds. The phenolic com-
ponents are the various phenolic acids (caffeic, protocate-
chuic, a-hydroxycinnamic, vanillic), flavonoids, anthocya-
nes, and seleoprotein. Phenolics and tannins are the main
components with phytotoxic action. The main components
with nutritious value are hydrocarbons, inorganic salts, and
so forth, depending on the application (animal feed or ferti-
lizers).

A combination of appropriate physicochemical processes
can be applied for the fractionation of the wastes into useful
isolated by-products as fertilizers, herbicides, and so forth.
It must be added that almost in the same season of olive
harvest, the farmers spray the land under the olive trees
with herbicides for weed control. These strong chemicals
affect the environment negatively, putting in high risk the
health of the farmers; they are also accumulated and may
be introduced in the food chain. On the contrary, the
development of an environmentally friendly herbicide as a
fraction from OMW will offer an ecological solution to this
severe problem. Thus, two targets could be achieved simu-
Itaneously; a sustainable solution for the disposal of olive mill
wastes and the production of alternative ecological herbicides
and other useful by-products.

Coping with the environmental pollution problem, cre-
ated by wastes from olive mills, presents large difficulties,
mainly due to the high cost of the treatment of residual
waters using the various systems proposed so far. In recent
years, only in Italy more than 100 companies have proposed
relevant systems, but none of them constitutes a practical and
low-priced solution to the problem. Thus, the present situa-
tion is more or less the same as in the past: these wastes are
led to large pits or discharged into the sea, lakes, rivers, and so
forth, causing destructive environmental implications. As the
fixed cost for installing such systems seems not decreasing,
a profit from possible useful by-products could contribute
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significantly to the problem solution. The present work is
oriented to this direction.

The management of OMW has been extensively investi-
gated, and some extensive and detailed reviews, which focus
mainly on its management, have been recently published
[10-12]. Provided that the fixed cost for the installation of
OMW treatment systems seems to be in-elastic, operational
cost reduction may be attained through the exploitation of
the waste by-products. The proposed separation techniques
(prefiltration (filter press), ultrafiltration (UF), nanofiltra-
tion (NF), and reverse osmosis (RO)) of the OMW treatment
using membranes filtration have already been presented in
previous works by the authors [3, 13]. The idea is based on
the exploitation of membrane filtration fractions to reduce
the high fixed costs in order for a viable and sustainable solu-
tion to be obtained. In those studies a pilot plant was
developed in an olive mill (1,000 t/yr) operating in Achaia
region (Patras, Greece) during a full harvesting period (3,
13], and a technoeconomical solution was presented for the
implementation of the proposed method in each olive mill
enterprise. However, private olive mills are small family busi-
nesses and cannot afford the costs of the treatment of their
own wastewaters. Thus, in the present study three new
options were taken into account. The first refers to the
creation of an OMW treatment unit in every 5-6 adjacent
olive mills, and the second refers to the development of
a mobile unit that can pass across the olive mill units to
treat their wastes. The third proposed method, which sounds
interesting for the local olive mill industry, was the develop-
ment of a central unit (50,000 t/yr) which can handle all olive
mill wastewaters from all olive mills, in the prefecture of
Achaia. The last idea was evaluated as a successful solution
and can be applied also in other areas, which face the same
environmental problems. The feasibility-exploitation study
for the third suggested method is presented in detail and
shows that indeed the depreciation of the expensive invest-
ment can be done in a short period of time.

2. Proposed Method

Ultrafiltration (UF), nanofiltration (NF), and/or reverse
osmosis (RO) (Figure 1) can be used for isolation of OMW
fractions. These methods were investigated in previous work
[3, 13] through a systematic parametric study changing
accordingly the operational parameters, such as temperature,
pressure, and initial pH of different source of OMW, type and
size of membranes (pore diameter), and so forth, in order to
obtain a higher separation of toxic fraction from the nutri-
tious one. Different fractions were derived from the entire
process: a nutritious fraction as pre- or post UF concentrate
containing the larger components of the solution in terms
of molecular size, a toxic fraction as NF and/or RO con-
centrate containing the main part of phenolics (ecological
herbicide), a plant nutritious fraction as RO permeate con-
taining the inorganic salts (fertilizer), and almost pure water
for recycling/irrigation or for free disposal to aqueous accept-
ors (lakes, rivers, or sea).

One thing that is of primary importance is that UF pro-
vides a “clean” solution appropriate to feed next treatment



International Journal of Chemical Engineering
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FIGURE 1: Separation structure of the flowsheet using ultrafiltration (UF), nanofiltration (NF), and/or reverse osmosis (RO) techniques.

TasLE 1: Physicochemical characterization of fractions of the various treatment stages.

Parameter Raw  Perm prefilter = feed UF Ultrafiltration Nanofiltration Reverse osmosis
Conc Perm = feed Conc Perm = feed Conc Perm
NF RO2
Salinity, % 0.66 0.66 0.67 0.59 1.11 0.01 0.02 0.0
TSS, g/L 21.5 18.56 46.98 2.36 5.32 0 0.0 0.0
t-COD, g/L 97.32 92.9 127.19 94.88 156.44 1 9.1 0.2
d-COD, g/L 85.68 72.24 61.92 77.64 131.32 1 7.56 0.16
Carbohydrates, g/L  28.75 20.51 18.8 24.1 51.827 0.310 3.2 0.1
Phenolics, g/L 591 5.08 4.16 5.04 10.6 0.1 0.9 0.01

processes (NF or RO). UF alone cannot isolate individual
fractions (in terms of only toxic or only nutrient solutions)
but without UF we cannot proceed for further purification
with the NF and/or RO. Physicochemical analysis of the col-
lected compounds in pretreatment procedure, ultrafiltration,
nanofiltration, and reverse osmosis, is shown in Table 1. The
permeate stream from each unit is used as feed stream for
the next membrane unit. Treatment can be terminated after
the implication of NF or RO since the permeate stream of
NF (see Table 1) shows that the produced water can be safely
used as irrigation water or to be disposed safely to aqueous
receptors.

3. Technoeconomical Analysis

3.1. Proposed Technical Solution. Based on the suggested
methods that should be followed for the efficient separation
of the “nutritious” from the “toxic” fraction, an optimum,
technical, and economical design of the process at industrial
level was carried out. The target is a technically acceptable
solution at the possible lowest fixed and operational cost.
This goal was succeeded by applying a conceptual design to
find the best process and estimate the optimum design con-
ditions. After definition of the operational parameters, the
process flowchart was constructed via a hierarchy of design
decisions, namely, structure of input-output, recycling, sep-
aration, and thermal integration [3].

3.2. Preliminary Design. The technoeconomical study for the
establishment of OMW treatment plant was done for the
Region of Western Greece. The number of all olive mills for
three regions (prefectures of Achaia, Ilia, Aitoloakarnania)
was recorded. There were three alternative scenarios: (a) the
establishment of a central operation plant (e.g., one per
region or a greater area), where OMW would be carried by

trucks. Profit will be made by the production of high-valued
by-products. (b) The second was the establishment of more
than one lower potential operation plants (one per five olive
mills). In this case the transport expenses are diminished. (c)
The third was a mobile OMW treatment unit.

The third case was rejected as olive mills work seasonally
in the same period, and this constitutes several technical
complications (size of the tanks on the truck, disposal of con-
centrated fractions, etc.). Therefore, the study was concen-
trated on the other two solutions. Taking into account the
location, the distance and the number of olive mills per
region, the cost and the time of transportation, the establish-
ment of a central OMW treatment plant per region was
considered to be more appropriate from both technical and
economical point of view.

The most serious problems that could be faced are
(a) the authorities permission for disposal and sale of by-
products from the above OMW treatment that may be used
as ecological herbicides and fertilizers for agriculture and (b)
the possible denial of olive mills owners to bear the cost of
their OMW storage, despite the fact that they are obliged to
perform a kind of treatment.

Four actions took place (a) The first one was mapping
of the olive mills that are active in Achaia and Ilia regions
as first indicative areas, preliminary study of the cost and
transferring time of OMW in a central place per region (e.g.,
Patras Industrial Area). (b) The second was examination of
the legal framework that concerns the approval and sale of
ecological herbicides and fertilizers for agriculture in Greek
and European market. (c) The third was examination of the
market demand for ecological herbicides and fertilizers for
agriculture in the trade union and end users. (d) The last one
was the examination of the use of OMW components for
the production of biodiesel, bioplastic, or other alternative
products of high value.



3.3. Case Study: Region of Western Greece. Region of Western
Greece is the suggested area for the establishment of OMW
pilot plant. It is an area with a tradition in olive oil pro-
duction. Furthermore, Achaia is adjoining to several olive
oil production areas. There are 50active olive mills in
Achaia and surroundings. Taking into account the distances
among olive mills, the transportation costs (fuel and service
expenses) are estimated to 0.25€/km. All the olive mills are
gathered close to Patras Industrial Area. There are available
areas and the necessary infrastructures for the establishment
of an OMW treatment unit. Investments incentives and tax
reductions have been given to the Patras Industrial Area
for the industrial development in Achaia, which increases
depreciation of the investment. Therefore, the establishment
of a central plant in the Industrial Area of Patras is suggested
in the present work.

3.4. Capacity and Settlement of Production Process. The
OMW treatment unit is designed to operate continuously
24 h/day, 7 days/week, 7 months/yr (period during oil pro-
duction from October till April), 210 days/yr. The unit would
have a capacity over 50,000 t/yr and will serve a number of
about 50 olive mills of the surrounded area (an average pro-
duction of 1,000 t/yr OMW per olive mill will give an average
capacity of the unit which arises up to 50,000 tn/yr).

The technoeconomical study for the establishment of an
OMW treatment unit has the following approximate cha-
racteristics:

feed to the system: OMW,

feed flow rate: 10,000 L/h (50,000 t/yr),
permeate flow rate: 8,000 L/h,

working temperature: 20-30°C,

working pressure: UF: 4 bar, RO: 70 bar max,
COD removal: 99.5%,

grease substances removal: 99.99%,

dry matter removal: 99.5%,

UF system: feed pump, protective cartridge filter, loop
pump, ceramic elements, structure, valves and pip-
ing, electrical part,

RO system: feed pump, protective cartridge filter, high
pressure pump, filtering elements, structure, valves
and piping, electrical part,

utilities,
air: 5/6 bar,
Water for membrane cleaning: demineralized/
soft or osmotized,
power supply: 380V, 50 Hz, three phases.

3.5. Fixed Cost and Initial Operating Capital. The establish-
ment of an industrial unit demands costs for the designing
study, for the building site purchasing and its modulation,
for the purchasing and establishment of the equipment, and
so forth. Cost for UF and RO systems, installed on site,
feed tanks, any storage or peripheral tanks, prefilter system,
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pumps and piping, hydraulic, electrical, and pneumatic con-
nections, computers, vehicles, lab and office equipment,
security equipment, offices, laboratories, storehouse and
auxiliary equipment, land, and so forth are presented in
Table 2. The method for ratio capacity units [14] has been
used to estimate the fixed cost, initial networking capital, and
investment capital. This method is based on the equation:

. @) !

a-a- (). (1)
where Q;, Qa: capacity, C;: fixed cost for Q;, C;: fixed cost
for Q,, and n parameter. For chemical industry exponent # is
equal to 2/3, and the method is called method of 2/3.

A cost for the biodynamic experiments is calculated and
included in the fixed cost. These experiments are needed
for the investigation of the impact that produced herbicides,
fertilizers, and water have on the human health.

3.6. Operational Cost. The operational cost (€/yr) includes
a number of elements that are given in Table 3. In the same
table information is given for the approximation of the cost
of some of the elements in operational cost using coefficients.
It is important to mention that when the taxes are negative
(in the present case below 2,800 t/yr), the operational cost
before taxes (OC’) (Table 3) is taken into account. For the
capacity of 50,000 t/yr, labor cost is about 28.79% of the
operational cost and is the maximum percentage while the
cost for the raw material (OMW) is zero. This percentage
changes according to the capacity. Thus, if the capacity
changes from 50,000 t/yr to 2,800 t/yr, then the depreciation
cost reaches 5% of the operational cost while the labor cost
drops at 4.29% of the operational cost. In any case the cost
of OMW is zero because mill owners like to get rid of them.
Furthermore, an income is more possible to arise from the
OMW if the owners of the olive mill need to treat their wastes
before disposing them to the soil; in order to avoid a penalty
from the authorities.

A cost benefit analysis is presented in Figures 2 and 3 for
two different capacities. Figure 4 shows the revenues of the
investment for a capacity of 50,000 t/yr, which exhibits oper-
ational cost. On the other hand when the unit works with
a capacity of 1000 t/yr, the operational cost is much high-
er than the revenues of the investment. Each element of the
operational cost is changing according to the capacity chang-
es. It has been calculated that in a capacity of 2,800 t/yr the
revenues of the investment are equal to the operational cost.

4. Economical Potential: Assessment of
the Investment

A production of 5% nutrition fraction which can be used
as fertilizer and 15% of toxic fraction that can be used as
herbicide can be expected. The rest is pure water which can
be used for recycling and irrigation.

The value of the nutritious fraction, taking into account
its concentration in nutritious components, (either as fer-
tilizer or as animal feed integrator) is estimated to have
an order of magnitude of 100€/t UF concentrate that
gives 250,000€/yr (data from AGRO). The value of the
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TasLE 2: Equipment, building, and operational costs for an OMW treatment unit of 50,000 t/yr capacity. Calculations of the fixed cost, initial

networking capital cost, and investment capital cost in Euros.

Equipment for capacity Q1 = 50,000 t OMW/yr Euro
Purchase and establishment of basic equipment (UF and RO units, mechanical and electrical parts, etc.) 1,000,000 €
Auxiliary settlement, environmental protection system, and equipment maintenance department (lifetime: 10 years) 78,000€
Substation (lifetime: 15 years) 30,000€
Quality control laboratory equipment (lifetime: 10 years) 21,000€
Transportation unit and equipment store (lifetime: 10 years) 46,000 €
2 loading machines, clarks (lifetime: 10 years) 30,000 €
5 vehicles for OMW collection—product shell (lifetime: 10 years) 105,000€
Safety equipment clothing (lifetime: 2 years) 5,000€
Office equipment, PC, and furniture (lifetime: 10 years) 30,000€
Total purchase and installation cost, CE1 1,345,000 €
Buildings cost

Offices, laboratory, storage and building equipment 240,000€
Fencing 5,000€
Building site 100,000 €
Building total (depreciation in 25 years apart from building site) 345,000€
General total (CE1 + building total) 1,690,000 €
Unexpectedly (10% direct cost) 169,000€
Fixed cost, C; (general total + unexpectedly) 1,859,000 €
Biodynamic experiments, C , 1,000,000 €
Total fixed cost, C [C; + C,] 2,859,000 €
Initial networking capital cost, IC [0.18 * C] 334,620€
Investment capital cost [C+IC] 3,193,620€

TaBLE 3: Operational costs for an OMW treatment unit of 50,000
t/yr capacity.

Operational cost Euro/yr
(1) Feedstock, cleaning chemicals (114 €/day) 30,200 €
(2) Energy (UF: 260 kW, RO: 90 kW) (29.7 €/hr) 149,700 €
(3) Labor costs 329,000€
(4) Maintenance (0.05 % C) 67,250€
(5) Administration costs (usually 50% labor costs) 274,000€
(6) Iél]surance (establishment and products) [1% 13,450 €
(7) ]\?aelﬂree)ciation (linear depreciation zero residual 148,300 €
(8) Interest [0.05 * C] 67,250€
(9) General costs 63,750 €
Operational cost before taxes (OC") 1,142,900 €
(10) Taxes (T) [0.4 * (R-OC")] 392,840 €
Operational cost after taxes (OC"") 1,535,740€

“toxic fraction” as herbicide is estimated as much higher
(data from AGRO), due to the higher value of phytotoxic
constituents (herbicides) in the market. Taking into account
the concentration of the RO concentrate, a modest value

of 250€/t RO concentrate is estimated that gives about
1,875,000 €/yr.

Thus, an economical potential of 2,125,000€/yr is
expected annually if the capacity is 50,000 t/yr. Taking into
account that taxes are 40%, a net profit of 589,260 €/yr is
estimated. From the above analysis, the rate of return on
investment, i,, is estimated:

. K

"= (Ccricy 2
where K: the annual net profit, C: total fixed cost, and IC:
the initial working capital. Between two or more alternative
investments the one with the highest i, will be chosen. When
an investment is examined separately, the i, of the investment
should be higher than a minimum acceptable rate of return
that has been determined by the company (possibly the bank
interest). This method does not take into account the time
value of money.

Thus, i, = 589,260/(2,859,000€+334,620€) x100% =
18%.

In Figure 4 the return of the investment has been plotted
as a function of the capacity. As it can be seen from the
diagram the capacity that the i, is zero is 2,800 t/yr, and
this is the breakeven point of the investment. This capacity
corresponds to wastes from 2-3 typical olive mills, and thus
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FIGURE 2: Cost-benefit analysis for a capacity of 50,000 t/yr.

when a plant is designed only at a local level in order to
treat the OMW from 2-3 typical olive mills and less, it
operates with deficits. Below this capacity the i, is negative.
Above this value the i, is positive, and it does not increase
proportionally to the capacity. For a capacity lower than
10,000 t/yr (capacity of 10 typical olive mills) the investment
is not recommended to be undertaken as it gives a return on
investment less than 5% (which it is supposed as a current
“safe” bank interest). For the targeted capacity of 50,000 t/yr
(capacity of 50 typical olive mills) the return on investment
is considered as very satisfactory (18%).

The time needed to rebound the establishment capital
cost from incomes during the operation period of the
OMW treatment unit, that is, the mean payout period, 7, is
estimated as follows:

(C+1Q)
T=———.

K (3)

The total cost of the investment can be replaced by the
fixed cost, and the depreciation can be added to the net profit.
Between two or more alternative investments the one with
the lowest 7 will be chosen. In Western Greece Region case,
the mean payout period for the investment is estimated to
T = 5.42 years. This is a very encouraging result, taking into
account that a rather low value for the toxic fraction was
considered (only 250€/t). The above result is characterized
as positive and indicates to undertake the investment.

5. Conclusions

The management of produced OMW constitutes a long-
term and particularly unsolved problem, because of their
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high organic load, their particular physicochemical compo-
sition, the potentially toxic attributes, the intense of short
time interval of production, and the high-cost investment
requirements. The present work presents a technoeconomic
analysis of the OMW treatment using membranes filtration.
The idea of using membrane technology is presented by
authors [13] in a previous work in which a new cost-effective
system for complete exploitation of OMW is suggested,
offering a viable solution to the problem of OMW disposal.
A pilot plant was designed, constructed, and installed in a
typical olive mill, where OMW quantities were treated at
larger volumes. The efficiency of the proposed method for
separation and exploitation of the OMW useful constituents
was demonstrated.



International Journal of Chemical Engineering

In the present work, a feasibility study of the proposed
method at a regional level was performed, indicating very
positive financial results for a future exploitation. The
successful integration of this work establishes the basis for
a complete and profitable solution of one of the most impor-
tant Mediterranean environmental problems, providing as
main achievements the following. (a) The first is the develop-
ment of a new cost-effective system for complete exploitation
of OMW, which offers a viable solution to the problem of
OMW disposal. The introduction of the proposed new inte-
grated technology reduces dramatically the environmental
damage and provides a profitable alternative to the olive
mills due to utilization of all by-products. (b) The second
is the development and production of alternative ecological
herbicides and other useful by-products. It is expected that
these new products will be highly accepted from the farmers
and will enhance the agriculture sustainability.

The rate of return on the investment is acceptable (18%)
for the targeted capacity of 50,000 t/yr (capacity of 50 typical
olive mills), and the investment is considered viable. Nev-
ertheless, when the capacity is 2,800 t/yr (breakeven point),
the return of the investment is zero. Considering that this
capacity corresponds to wastes from 2-3 typical olive mills,
the investment is unaffordable for a plant that is designed
only at a local level (2-3 typical olive mills and less). More-
over, the mean payout period can be considered as satisfac-
tory, taking into account that the whole equipment of the
investment is new, and the total cost of the investment has
been considered; thus the depreciations have been added to
the net profit. This is a very encouraging result, taking into
account that a rather low value for the toxic fraction was also
considered. The above result is characterized as positive and
indicates to undertake the investment.
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The aim of this paper is to find out the optimal degradation condition for two potential environmental pollutants, chloridazon and
metribuzin (herbicide derivatives), employing advanced oxidation process using TiO, photocatalyst in aqueous suspensions. The
degradation/mineralization of the herbicide was monitored by measuring the change in pollutant concentration and depletion
in TOC content as a function of time. A detailed degradation kinetics was studied under different conditions such as types of
TiO, (anatase/anatase-rutile mixture), catalyst concentration, herbicide concentration, initial reaction pH, and in the presence of
electron acceptors (hydrogen peroxide, ammonium persulphate, potassium persulphate) in addition to atmospheric oxygen. The
photocatalyst, Degussa P25, was found to be more efficient catalyst for the degradation of both herbicides as compared with two
other commercially available TiO, powders like Hombikat UV100 and PC500. Chloridazon (CHL) was found to degrade more
efficiently under acidic condition, whereas metribuzin (MET) degraded faster under alkaline medium. All three electron acceptors

tested in this study were found to enhance the degradation rate of both herbicides.

1. Introduction

Clean and safe drinking water is vital for human health, wild-
life, and also for a stable environment. Yet, water is being
polluted at alarming rates, with chemicals, nutrients, metals,
pesticides, and other contaminants from industrial effluents,
chemical spills, and agricultural runoffs [1, 2]. A wide variety
of herbicides and other chemicals are applied to agricultural
field and lawns mainly to control undesirable vegetation. A
fraction of herbicides applied to these sites end up as runoff.
This runoft goes into the streams, rivers, and lakes. Some
of the herbicides also end up in groundwater systems by
percolating down through the soil. As a result, herbicides
are widely found in rivers, streams, lakes, and even in
drinking water [3]. These chemicals due to their toxicity,
stability to natural decomposition, and persistence in the
environment have been the cause of much concern to the

societies and regulatory authorities around the world [4].
The development of appropriate methods to treat these
contaminated water is necessary before it is used for any
useful purpose.

The photocatalysed degradation of various organic sys-
tems employing irradiated TiO, is well documented in the
literature [5-14]. Briefly, when a semiconductor such as
TiO, absorbs a photon of energy equal to or greater than
its band gap energy, an electron may be promoted from
the valence band to the conduction band (es,~) leaving
behind an electron vacancy or “hole” in the valence band
(hy "), as shown in (1). If charge separation is maintained,
and the reaction is carried out in water and oxygen, the
electron and hole may migrate to the catalyst surface where
they participate in redox reactions with sorbed species.
Specially, hy* may react with surface-bound H, O to produce
the hydroxyl radical and ey, is picked up by oxygen to
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generate superoxide radical anion (O,°7), as indicated in the
following equations (1)—(3)

TiO, + hv — ey~ + hyy " (1)
Oytep — O (2)
H,0, +hy" — OH" +H". (3)

It has been suggested that the hydroxyl radicals and
superoxide radical anions are the primary oxidizing species
in the photocatalytic oxidation processes. These oxidative
reactions would result in the degradation of the pollutants.

CHL is a herbicide currently used for selective control
in beets. It belongs to the class of Hill reaction inhibitors,
whereas MET is used primarily to discourage growth of
broadleaf weeds and annual grasses among vegetable crops
and turf grass [15, 16]. CHL and MET possess high mobility
in soil and thus have great potential to leach and pollute
surface and groundwater [17]. Few studies relating to the
degradation of chloridazon and metribuzin in UV and sun-
light have been reported recently in the literature [18-20].
No major efforts have been made to study the detailed degra-
dation kinetics of these two herbicide derivatives. Therefore,
in this paper we present a detailed degradation of these
compounds as shown in Scheme 1 in aqueous suspensions
of TiO; under a variety of conditions such as different types
of TiO,, reaction pH, catalyst and substrate concentration,
and also in the presence of electron acceptors like hydrogen
peroxide, potassium persulphate, and ammonium persulfate
besides atmospheric oxygen.

2. Experimental

2.1. Reagents and Chemicals. Laboratory grade chloridazon
was kindly supplied by Parijat Industries India Pvt. Ltd.,
Ambala whereas, the pesticide derivative metribuzin was
obtained from Rallis India Ltd., and they were used as such
for our studies without any further purification. All the solu-
tions were made in double-distilled water for the irradiation
experiments. Degussa P25 was used as catalyst in most of
the experiments performed to carry out the photocatalytic
degradation of these two model compounds. Other catalyst
powders, namely, Hombikat UV100 (Sachtleben Chemie
GmbH) and PC500 (Millennium Inorganic Chemicals), were
used for comparative study. Degussa P25 contains 80%
anatase and 20% rutile with a specific BET surface area
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of 50m?g~! and a primary particle size of 20nm [21].
Hombikat UV100 consists of 100% pure anatase with a
specific BET surface area of 250 m?g~'and a primary particle
size of 5nm [22]. The photocatalyst PC500 has a BET-
surface area of 287 m?g™! with 100% anatase and primary
particle size of 5-10nm [23]. All other chemicals such as
sodium hydroxide, nitric acid, hydrogen peroxide, potassium
persulphate, and potassium bromate were obtained from
Merck.

2.2. Procedure. An immersion well photochemical reactor
consisting of inner and outer jacket made of Pyrex glass was
used for the irradiation experiments. The detailed design
of the photoreactor has been illustrated elsewhere [24].
Prior to illumination, stock solutions of CHL and MET
were prepared in double-distilled water with desired concen-
tration. The irradiation experiments were carried out in
aqueous suspensions of TiO, using a pyrex-filtered output
of 125W medium pressure mercury lamp (Philips). The
light intensity was measured by UV light intensity detector
(Lutron UV-340) and was found to be in the range of 4.86—
4.88 mW/cm?. The experimental runs were carried out by
using the following procedure for both the herbicide deriva-
tives: firstly 125 mL solution of the herbicide derivative was
taken into the reactor and required amount of photocatalyst
was added. The suspension was magnetically stirred and
purged with atmospheric oxygen in the dark for 10 min to
attain adsorption-desorption equilibrium between herbicide
derivatives and TiO,. The zero time reading was obtained
from blank solution kept in the dark. Samples (5 mL) were
taken at regular time intervals from the reactor and analysed
after centrifugation. The pH of the reaction mixture was
adjusted by adding dilute NaOH and HNO;.

2.3. Analysis. The analysis was carried out after removal of
photocatalyst by centrifuging the samples at 4000 rpm for 1 h
using Remi centrifuge (model R24). The degradation of CHL
and MET was followed by measuring the change in absorp-
tion intensity at their respective Am, 238 nm (CHL) and
295nm (MET) using Shimadzu UV-Vis Spectrophotometer
(Model 1601), and mineralization was monitored by mea-
suring the depletion in Total Organic Carbon (TOC) content
with a Shimadzu TOCycsy Analyzer. The pH of the reaction
mixture was measured using HI 2210 pH meter.

3. Results and Discussion

3.1. Photolysis of CHL and MET in Aqueous Suspensions of
TiO,. Irradiation of an aqueous suspensions of CHL
(0.18 mM, 125 mL, pH 6.2) and MET (0.30 mM, 125 mL, pH
6.5) in the presence of TiO, (Degussa P25, 1gL™!) using
125 W medium pressure mercury lamp in an immersion well
photochemical reactor with constant stirring and bubbling
of air led to a decrease in absorption intensity as a function
of time as shown in the inset of Figures 1(a) and 1(b), respec-
tively. The change in the concentration of the pollutant was
calculated from standard calibration curve obtained from the
absorption intensity of the herbicide derivatives at different
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FIGURE 1: (a) Change in concentration as a function of time on irradiation of an aqueous solution of CHL in the presence and absence of
photocatalyst. Inset: Change in absorption intensity at 238 nm on irradiation of aqueous suspension of CHL containing TiO,. Experimental
conditions: CHL (0.18 mM), V = 125 mL, 125 W medium pressure mercury lamp, light intensity: 4.88 mW/cm?, irradiation time: 60 min. (b)
Change in concentration as a function of time on irradiation of an aqueous suspension of MET in the presence and absence of photocatalyst.
Inset: Change in absorption intensity at 295 nm on irradiation of aqueous suspension of MET containing TiO,. Experimental conditions:
MET (0.30 mM), V = 125 mL, 125 W medium pressure mercury lamp, light intensity: 4.88 mW/cm?, Irradiation time: 28 min.

concentration. The change in concentration in the presence
and absence of photocatalyst as a function of time is shown
in Figures 1(a) and 1(b), for herbicide derivatives, CHL
and MET, respectively. The results demonstrate that 62%
degradation of CHL and 55% degradation of MET could
be achieved in 60 min and 28 min, respectively, whereas in
the absence of photocatalyst no significant degradation was
observed as shown in the Figure 1. Control experiments were
carried out to show that there was no appreciable loss of the
compound in unirradiated blank solutions and also due to
adsorption on the surface of the photocatalyst. In order to
see the effect of change in initial volume, experiments were
carried out (data not shown), where samples were withdrawn
initially at zero min and then directly after 60 min (CHL) and
28 min, (MET). There was no significant effect of volume
alteration on the reaction rate.

For each experiment, the degradation rate constant of the
compound was calculated from the linear regression of a plot
of the natural logarithm of the compound concentration as
a function of irradiation time. The degradation rate of the
herbicide derivatives was calculated using the formula given
below

_dld
dt

k equals rate constant (min~!), cequals concentration
(mol L71) of the pollutant,  is order of reaction.

The degradation rate for both the herbicides was found
to follow pseudo-first-order reaction kinetics, and the degra-

dation rate was calculated in terms of mmol L™! min~!.

= kc”, (4)

3.2. Comparison of Photocatalytic Activity of Different TiO,
Powders. Titanium dioxide is the most widely used photo-
catalyst in heterogeneous photocatalysis due to its low cost,
high photocatalytic activity, nontoxic nature, photostability,
and chemical and biological inertness [14]. The photocat-
alytic activity of three commercially available TiO, powders,
namely, Degussa P25, Hombical UV100, and PC500, was
tested on the degradation kinetics of herbicide derivatives
CHL and MET. The rates obtained for the degradation of
CHL and MET in the presence of different types of TiO,
powders by continuous purging of air are shown in Table 1.
It has been observed that the degradation of CHL and MET
proceeds much more rapidly in the presence of Degussa
P25 as compared to other TiO, powders. The photocatalysts
UV100 and PC500 showed a comparable photocatalytic
activity for the degradation of MET.

The photocatalyst Degussa P25 has been found to be a
better photocatalyst for the degradation of a large number
of compounds reported earlier [25-27]. The reason for the
better photocatalytic activity of Degussa P25 is attributed
to its anatse/rutile mixture as reported earlier [28, 29].
In all following experiments, Degussa P25 was used since
this material exhibited the highest photocatalytic activity as
compared to other photocatalyst tested for the degradation
of herbicides under investigation.

3.3. Effect of pH. The pH of the reaction mixture in
surface reactions significantly influences the physicochemical
properties of titanium dioxide, including the charge on its
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FIGURE 2: Influence of pH on the degradation rate of CHL and MET. Experimental conditions: CHL (0.18 mM), MET (0.30 mM), initial
reaction pH of CHL (3.2, 6.2, 9.2, and 12), initial reaction pH of MET (3.5, 6.5, 9.5, and 12), V' = 125 mL, photocatalyst: TiO, Degussa P25
(1 gL™1), irradiation time: 60 min (CHL), 28 min (MET).

TasLE 1: (a) Comparison of degradation rate of CHL and MET in the presence of different types of TiO, samples. Experimental conditions:
CHL (0.18 mM), MET (0.30 mM), V = 125 mL, photocatalysts: Degussa P25 (1 gL"!), Sachtleben Hombikat UV100 (1 gL~!), PC500 (1g™!),
irradiation time: 60 min (CHL), 28 min (MET). (b) Comparison of mineralization rate of CHL and MET in the presence of TiO, and

TiO,/H,0,. Experimental conditions: CHL (0.55mM), MET (0.11 mM), V = 125 mlL, photocatalysts: Degussa P25 (1gL™!), irradiation

time: 60 min (CHL), 28 min (MET).

(a) Rate of photodegradation (mmolL™! min~"')

(b) Rate of photomineralization (mmol L~! min~!)

P25 UV100 PC500 hv/P25 hv/P25/H,0,
Chloridazon 0.0021 0.0018 0.0011 0.0003 0.0022
Metribuzin 0.036 0.025 0.025 0.0003 0.0008

surface, the aggregation numbers of particles it forms, and
the position of the conductance and valence bands [30]. The
effect of pH on the degradation of CHL and MET employing
Degussa P25 was studied in the pH range between 3 and 12.
The rate obtained for the degradation of herbicide derivatives
CHL and MET as a function of reaction pH is shown in
Figure 2. It is interesting to note that in the case of compound
CHL, the highest degradation rate was observed at pH 3.2,
which slowly decreases with the increase in reaction pH,
whereas in the case of MET, the degradation rate was found
to increase with the increase in reaction pH.

The zero point of charge (pHzpc) of Degussa P25 has
been reported as 6.25 [31]; hence, at more acidic pH values,
the TiO, particle surface is positively charged; while at pH
values above pHzpc, it is negatively charged. The pKa for
CHL and MET has been reported as 2.96 and 7.0, respectively
[32, 33]. The higher degradation rate for CHL at lower pH

values and MET at higher pH values could be explained on
the basis of the fact that the structural orientation of the
compound at these pH values are favoured for the reactive
species.

3.4. Effect of TiO, Concentration. The optimal amount of
TiO, has to be found out in order to avoid unnecessary
excess catalyst and also to ensure total absorption of light for
efficient photodegradation. In order to find out the optimal
catalyst concentration, we have investigated the influence of
different concentrations of Degussa P25 (0.5 to 4gL~!) on
the degradation kinetics of CHL and MET, and the results
are shown in Figure 3. As expected, the rate of degradation
for the model compound CHL was found to increase with
the increase in catalyst concentration up to 2gL™! after
which a further increase in catalyst concentration led to a
decrease in degradation rate. The degradation rate for MET
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was found to increase linearly up to 3gL~! followed by
a decrease in degradation rate on further increase in catalyst
concentration.

The decrease in degradation rate at a higher catalyst
concentration may be due to the fact that when the catalyst
concentration is very high, after traversing a certain optical
path, turbidity impedes further penetration of light in the
reactor (incidence of the combined phenomena of particle
masking and scattering), lowering the efficiency of the cata-
Iytic process. The results are in agreement with the studies
reported earlier by our group [34].

3.5. Effect of the Initial Herbicide Concentrations. The study
of the dependence of the photocatalytic degradation rate
on the substrate concentration is very important for the
application of the photocatalytic process to waste-water
treatment. Hence the effect of initial herbicide concentration,
varying from 0.14 to 0.20 for CHL and 0.24—-0.33 for MET on
the photocatalytic degradation was studied, and the results,
are shown in Figure 4.

As expected, the rate of degradation of CHL was found
to increase gradually with the increase in substrate concen-
tration from 0.14 to 0.18 mM. Further increase in substrate
concentration led to a slight decrease in the rate of the
reaction. Similar results were obtained for the degradation
of MFET, that is, the rate was found to increase with the
increase in substrate concentration from 0.24 to 0.30 mM,
and a further increase in the concentration led to more or less

same degradation rate within experimental error limits. The
results are in agreement with earlier reported studies [35].

3.6. Effect of Electron Acceptors. Charge recombination of the
photogenerated electron hole pairs is the major bottleneck
in semiconductor photocatalysis. Due to the process of
electron-hole recombination, both charge carriers annihilate
each other. As a result, the rates of the photocatalytic trans-
formations are limited by the rates of electron-hole recom-
bination in the bulk of TiO, or at the surface. In order
to enhance the formation of hydroxyl radicals and also
inhibit undesired electron/hole pair recombination, electron
acceptors such as hydrogen peroxide (10 mM), ammonium
per sulphate (3mM), and potassium per sulphate (3 mM)
were used in addition to Degussa P25 in order to see their
effect on the degradation kinetics of the herbicide derivative
CHL and MET. The rate obtained for the decomposition of
herbicide derivatives in the presence and absence of additives
is shown in Figure 5.

All employed additives were found to enhance the
degradation of both compounds, CHL and MET. The highest
degradation rate for the decomposition of MET was observed
in the presence of hydrogen peroxide as an electron acceptor
in the presence of Degussa P25. In addition, the effect of
different concentrations of hydrogen peroxide on the degra-
dation kinetics of both herbicides have also been studied,
and the rates are shown in the inset of Figure 5. In both
compounds, the rates were found to increase as the H,O,
concentration increases from 5 to 15 mM (markedly in the
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case of MET). A further increase in the H,O, concentration
leads to a slight decrease in the degradation rate of MET and
more or less same in the case of CHL.

The rate enhancement by H,O, addition could be
attributed to its better electron acceptance (5), thereby
reducing electron hole recombination. Above the optimum
value, the competitive reactions between hydroxyl radical
and peroxide lead to the generation of less reactive hydroper-
oxide radicals, which does not contribute to the oxidative
degradation of CHL (6)

H,0; +eq,~ — "OH+C0H (5)

H,0; + *OH — HO;" + H,O0. (6)

3.7. Photomineralization of CHL and MET in Aqueous Sus-
pension of TiO,. The photocatalytic mineralization of CHL
and MET was studied in aqueous suspensions of TiO, in
the presence and absence H,O,. Table 1 shows the min-
eralization rate of CHL and MET in aqueous suspension of
Degussa P25 in the presence and absence of H,0,. Blanks
experiments were carried out by irradiating the pesticide
solutions in the absence of TiO, containing H,O, where no
appreciable loss of the compounds was observed (data not
shown). It is obvious from the table that the mineralization
rate was enhanced in the presence of TiO, containing
hydrogen peroxide due to the efficient generation of hydroxyl
radicals with the addition of H,0,.

4. Conclusion

TiO; can efficiently catalyze the degradation and mineraliza-
tion of herbicide derivatives chloridazon, and metribuzin in
the presence of UV light. All parameters have been found
to markedly influence the overall efficiency of degradation.
Degussa P25 showed greater photocatalytic activity for the
degradation of both herbicides, CHL and MET. In the
case of chloridazon the highest efficiency was observed
at pH 3.2, whereas metribuzin showed better degradation
under alkaline condition. All the electron acceptors markedly
enhanced the degradation of MET, and the highest rate
was achieved with H,0O,, whereas in the case CHL all
acceptors enhanced the degradation at comparable rate. The
observations of these investigations clearly demonstrate the
importance of choosing the optimum degradation condi-
tions to obtain high degradation and mineralisation, which
is essential for any practical application of photocatalytic
oxidation processes.
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The goal is to determinate the technical feasibility of using agroindustrial wastes for adsorption of dyes. The pH,. of Brewer’s spent
grains and Orange peel is 5.3 and 3.5, respectively. The equilibrium isotherms of Basic Blue 41, Reactiive Black 5, and Acid Black 1
were carried out without pHs control which ranging between 4 and 5.5. The equilibrium concentrations for both adsorbents were
fitted by the Freundlich and Langmuir models. The maximum adsorption capacity measured for Basic Blue 41, Reactive Black 5,
and Acid Black 1 was 32.4,22.3, and 19.8 mg g! for Brewer’s spent grains; and 157, 62.6, and 45.5 for orange peel, respectively. The
kinetic of process was fitted by the model of pseudo-second order. The constant rate for orange peel decreased to extend the initial
concentration of dye increased, obtaining 4.08 * 107>—0.6 * 10> (Basic Blue 41), 2.98 * 1073—0.36 * 107> (Acid Black 1), and
3.40 % 107°—0.46 * 107° gmg ! min~! (Reactive Black 5). The best removal efficiency was obtained in orange peel with values
started from 63% to 20%. Consequently, according the results obtained there are two positive effects, the reuse of agricultural

wastes and its use as low-cost adsorbent of the dyes.

1. Introduction

The discharges of industrial wastewater containing dyes
cause serious environmental problems, because their chemi-
cal structure gives them a persistent and recalcitrant nature.
The released dye in water streams represents a risk of eco-
toxicity and a potential danger of bioaccumulation. The
transport of these contaminants through the food chain
could even affect the human health. In the last two decades,
the elimination of dyes from industrial textile waste waters
has been one of the major challenges for researchers.
Adsorption has received special attention as a treatment
for colorized wastewater because it produces an effluent of
better quality and comparatively can become more effective
and less expensive than conventional treatments. Granular-
activated carbon has been designated by the Environmental
Protection Agency (EPA) of USA as the best available tech-
nology (BAT) for organic chemicals removal. In fact, acti-
vated carbon adsorption is an effective treatment for remov-
ing varied organic contaminants and, particularly, textile

dyes of different ionic nature [1, 2]. However, the high vol-
ume of effluents generated in the textile wet process involves
a high cost for regeneration of the activated carbon [3, 4].

On the other hand, as a consequence of industrial de-
velopment, enormous quantities of agroindustrial wastes are
generated annually that can be used like supplies for other
processes in order to give added value. An alternative is
the application in processes of wastewater treatment, pro-
moting in this way a sustainable and environmentally friend-
ly development. Recently, it has been evaluated the perfor-
mance of different low-cost adsorbents, which can be used
only once to avoid the costly stage of regeneration. These
studies have included some types of biomass such as
agroindustrial or forest wastes, namely, rice husk [5], co-
conut [6], spent coffee grounds, a byproducts of instant cof-
fee industry [7], wood bark [8], among others. Although the
removal efficiency that is achieved is less than using the ac-
tivated carbon, the application to industrial scale can be
economically attractive [9].



The adsorption capacity of these nonconventional adsor-
bents is due to the presence of biopolymers such as polysac-
charides, lignin, hemicelluloses, and cellulose [9, 10]. Brew-
ers’ spent grains, a lignocellulosic residual biomass from the
brewing industry, are the major solid waste generated during
the production process. The potential use of this waste as
raw material in food industry, energy production, and bio-
technological processes is currently being investigated [11].
Brewer’s spent grains also have showed a significant potential
as a biosorbent for application in the remediation of wastew-
ater contaminated with metal and dye [12-14]. Besides other
cellulose-based wastes such as banana peel have been used
in the removal of dyes by adsorption [15, 16]. The biomass
residual of the citrus juice industry, peel, pulp, and seed
represents 50% of the processed fruit mass. The efficient
management of these agroindustrial wastes should not only
promote but diversify its use. The utilization of citrus peel,
orange, lemon, mandarin, and grapefruit, as a low-cost ad-
sorbent, has recently been studied [17-20].

The aim of this research is to explore the technical feasi-
bility of use the waste biomass such as Brewer’s spent grains
and orange peel for the biosorptive removal of textile dyes.

2. Materials and Methods

2.1. Agroindustrial Wastes. Brewer’s spent grains (BSG,) were
obtained from the local brewery. Orange peel (OP) from fruit
purchased from a local market. These residual biomasses
were dried at room temperature until they reached the equi-
librium moisture content, around 10% (wt). The dry solids
were crushed and later the mesh cut [—18 + 60], which cor-
responds to particles larger than 0.25 mm and smaller than
1 mm, was selected.

2.2. Dyes. The adsorbates evaluated in this study were the
cationic dye Basic Blue 41 (C.I. 11105) and the anionic dyes,
Acid Black 1 (C.I. 20470) and Reactive Black 5 (C.I. 20505).
Methylene Blue (Basic Blue 9, C.I. 52015) was used for the
determination of adsorptive properties of the agroindustrial
wastes. Dyes are analytical grade supplied by Sigma Aldrich
Co. The structure and properties of the dyes are shown in
Table 1.

2.3. Physical and Chemical Characterization

Morphologic Characterization. It was realized by a Scanning
Electron Microscopy analysis of the agroindustrial wastes,
using JSPM-5410 Scanning Probe Microscope (JEOL Ltda)
implemented with Anaglyph Maker 1.08 software. The im-
ages were obtained with a magnification of 1000x.

Surface Acidity and Basicity. The concentrations of acidic
and basic sites in the adsorbents were determined by acid-
base titration method proposed by Boehm [21]. 0.5g of
agroindustrial waste was contacted with 50 mL of NaOH
0.01 M (acidity) or 50mL of 0.1M HCI (basicity) until
the equilibrium was reached. An aliquot of 20 mL filtrate
obtained from the contact assay (24h) was then titrated
with 0.01 M HCI or 0.1 M NaOH to neutralize the sodium
hydroxide or hydrochloric acid in excess, respectively.
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Point of Zero Charge (pHp,c). 10, 7.5, 5, 2.5, and 1.25mL
of 0.1 M HCI were added to 1g of agroindustrial wastes.
Similarly, there was prepared another set of suspensions with
0.1 M NaOH. Next, in all the flasks was added 5 mL of KCl
0.1M and was then completed with distilled water until
100 mL. The flasks were maintained in a shaker with thermal
control (20°C, 150 rpm) for 1h and pH values (pH;) were
recorded. Subsequently 5mL of KCl 1 M was added to each
sample, maintaining the agitation during 1 h. The final pH of
each sample (pH;) was measured. The pH,. for each waste
was estimated as the final pH value, for which the difference
between pH; and pH, was equal to zero [22].

PH of Adsorbent (pHxci1m> PHeycy, 0.0101)- 50 mL of solution
KCl 0.1M KCI or CaCl, 0.01M was added in a flask
containing 0.2¢g of agroindustrial waste. The flasks were
maintained in a shaker with thermal control (25°C, 220 rpm)
for 2 h; after that, the pH was measured for each suspension.

2.4. Adsorptive Properties

Methylene Blue Index. There was evaluated the adsorptive
power of each waste by the Methylene Blue. Brewer’s spent
grains and Orange peel were place in contact with solution of
Methylene Blue until equilibrium was reached. Solutions of
dyes with an initial concentration between 50 and 500 mg L™
and a dose of 3 g of Brewer’s spent grains or 2 g of Orange
peel per liter of solution were used. These suspensions were
continuously stirred in a shaker with temperature controlled
at 20°C for 24h. Finally the equilibrium concentration
of dye in the solution was determined. The experimental
equilibrium concentrations in the liquid and solid phase
were correlated using the Langmuir isotherm model.

2.5. Biosorption of Dyes

Adsorption Equilibrium of Dyes. 100 mL of solutions with
different initial concentrations in the range 50-500 mgL™!
were place in contact with 0.2 g of BSG or OP in Erlenmeyer
flasks which were kept with agitation and temperature con-
trol (200 rpm, 25 + 2°C) until the equilibrium was achieved.
Finally, the equilibrium concentration of dye in the solution
was determined.

Adsorption Kinetic of Dyes. 100mL of dye solution with
different initial concentrations (50, 200, and 500 mg L~!) was
placed in contact with 0.2 g of agroindustrial waste (BSG and
OP), in Erlenmeyer flasks which were agitated and kept with
controlled temperature (200 rpm, 25 + 2°C). The dynamic
process was identified through the evolution of residual
concentration of dye in solution at different contact times,
until the variation between two successive measurements was
not significant.

pH of Adsorbent. 50mL of solution KCI 1M or of CaCl,
0.01 M was added to 0.2 g of agroindustrial wastes, and then,
the flasks were maintained in a shaker with thermal control
(25°C, 220 rpm) for 2 h. Finally the pH of each suspension
was measured.
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2.6. Parameter Estimation of Equilibrium and Kinetic Model.
The function was fitted by the method of Nonlinear-Least-
Squares using the algorithm of Levenberg-Marquardt that
minimizes the sum of the squares of the errors between the
data points and the function. The statistical indicators used
to assess convergence were the determination coefficient (R?)
and the quadratic sum of the residues (> e?) by

R2 _ ZT <Qexp - q>2 - ZT <Qexp - Qmodel>2
Z? (Qexp - q>2

Z 62 = Z (Qexp - Qmodel)z-
1

>

(1)

The resolution of algorithm was realized by Statistic 7.0 soft-
ware.

2.7. Analytical Assays. The samples were centrifuged and the
residual dye concentration in the supernatant was determin-
ed by measuring absorbance at maximum wavelength of each
dye in a Helios Gamma UV-Vis spectrophotometer (UK).

The adsorption capacity was determined using mass
balance, applied to solid and liquid phases in accordance with
the following:

_ V(Cy - C)

m

(2)
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FIGURE 1: Analysis SEM of agroindustrial wastes.

TaBLE 2: Chemical and physical characterization of adsorbents.

International Journal of Chemical Engineering

Brewer’s spent grains Orange peel
Point of zero charge 5.3 3.5
PHuvater — 4.98 +0.00
pHkei 1om 4.80 + 0.08 4.21 +0.04
PHea, 001m 455 +0.10 4.67 £0.01
Surface acidity (NaOH) mmol g~! 3.37 £ 0.02 2.58 =0.19
Surface basicity (HCl) mmol g~! 3.16 £ 0.01 0.25 = 0.07
Methylene Blue Index mgg™! 64.9 178.7

where q is the adsorption capacity (mgg™'), V is the solution
volume (L), Cy is the initial dye concentration (mgL~!), and
C is the dye concentration on time (mgL™!).

3. Results and Discussion

3.1. Physical and Chemical Characterization of Adsorbent.
The surface morphology of the particle wastes, Brewer’s
spent grains (Figure 1(a)) and Orange peel (Figure 1(b)), was
analyzed by scanning electron microscopy. The micrographs
revealed that the particles of Brewer’s spent grains showed a
rigid structure and higher density of macropores, while the
particles of Orange peel are rather nonporous. The particles
of both wastes have irregular shape and the textures of its
surface are microrough.

The acid-base behavior of functional groups of the adsor-
bent surface plays a crucial role in interactions occurring
during the process. The surface charge of the agroindustrial
waste can be explained in terms of its pH,. value and of
the concentration of acidic and basic sites at the particles
surface. The acidic characteristic of activated carbon surface,

for example, is caused by the presence of carboxyl groups,
lactones, and of phenolic hydroxyl groups [21]. Similarly
the cellulose, one of the major components of agroindustrial
waste, has a predominantly acid character because the
hydrogen atoms of the hydroxyl groups act as electron
acceptors [23]. Furthermore the principal components of
the Orange peel, addition of the soluble material (41%) and
other minor compounds, are cellulose (16%), hemicellulose
(13.8%), pectin (14%), and protein (7.9%) [24, 25]. These
components contain carboxyl and hydroxyl groups, causing
the acid behavior of its surface. Brewer’s spent grains contain
principally cellulose (16-25%), hemi cellulose (30%), lignin
(7-27%), and protein (2.4-24%), its acid character being
determined principally by phenolic hydroxyl groups present
in the lignin [12]. The basic behavior of BSG is caused by the
amine groups present in the protein.

Table 2 shows the value of pHp,. and the basicity and
acidity surface of Brewer’s spent grains and Orange peel.
The magnitude of these properties agrees with the values
presented by other authors for this same type of wastes [25].
It can be seen that Orange peel has acid character higher than
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FIGURE 2: Zero charge point of agroindustrial wastes.

Brewer’s spent grains. The acidic sites concentration of OP is
10 times higher than the sites with basic behavior while in
BSG this relation is scarcely higher than one.

Consequently the zero-charge point of OP is less than
BSG and corresponds to pH value of 3.5 (Figure 2). Then OP
is classified as a biosorbent of acid type so that, when the
pH of a solution is higher than the value of pHy,,, the acid
groups of pectin (galacturonic acid) are in the deprotonated
form. Under this condition OP interacts preferentially with
cationic species.

The complex structure of the agrowaste has similitude
with the soil organic matter; that is, their functional groups
contain electron pairs nonbinding that can interact with the
protons present in the liquid phase in equilibrium; therefore
in this case, the evaluation of surface acidity by measurement
of pH can also show any fluctuation. This effect can be
evaluated measuring the pH of suspensions in different
saline solutions. The protocols of characterization of soils
indicate to use KCl 1 M and CaCl, 0.01 M [26]. The results
of pH drop between both measures (pH,,... — PHxa11.0m) =
0.77 and (pH, v — PHcact, 0.01m) = 0.31, which were
obtained for OP confirming that this is a biosorbent with
strongly acidic character, coincide with the low value of
pHp.c (Table 2). In the first measurement, the pH drop is
a consequence of the replacement of the hydrogen ions of
the surface functional groups by the potassium from the
solution, causing a decrease in the pH. Since CaCl, is a
weak base, it causes an impoverishment in hydroxyl ions
whose, although has an effect similar to increased of protons
produced in the previous case, magnitude is lower.

The concentration of surface groups present in this type
of lignocellulosic adsorbents is significantly higher than that
found in commercial activated carbons. For example, com-
mercial activated carbon F-400 (Calgon Carbon) exhibits a
functional group concentration between 0.4 and 0.6 meq g™},
with a slightly basic feature, which provides a zero charge
point between 7.3 and 7.9 [2, 27].

The quality of adsorbents, activated carbons particularly,
is evaluated in terms of their adsorptive power and superficial
area. The Methylene Blue Index that quantifies the amount
of dye necessary to cover the total surface of the particles is
widely used to evaluate the active carbon and other alterna-
tive adsorbents. The nonpolar nature of the Methylene Blue
molecule and its molecular size (8.4 A) (Table 1) suggests
that the adsorption occurs at the macropores and mesopores.

The Methylene Blue Index of Brewer’s spent grains and
the Orange peel is shown in Table 2. The values obtained
confirm the observations of morphological analysis; that is,
BSG has a mesoporous structure. These results are compa-
rable with the Index of the active carbons prepared from
sugarcane bagasse and coconut shell (79.6 and 10.5mgg™!,
resp.) and less than the value of cellulose materials such as
cotton [28, 29]

The estimation of specific surfaces of BSG and OP using
the adsorption of Methylene Blue was 206.2m?g™! and
567.3m? g1, respectively. Both values obtained for other
low-cost biosorbents, such as peanut shells, olive stones,
bamboo cane, and date stones, have the same order of mag-
nitude (368-394 m? g !) [30].

3.2. Equilibrium Isotherm. The most widely models used to
describe the adsorption equilibrium are the Langmuir [31]
and Freundlich [32] isotherms, which are shown in (3) and
(4), respectively:

maxbce

= rec)
where gmay is the maximum adsorption capacity (complete
monolayer) (mgg™!) and b is associated with interaction
energy between absorbate and adsorbent (L g™!):

qe = keC}'", (4)

where kr is the equilibrium constant (mgg~' (Lmg~!)"")
and 7 is a parameter associated with the affinity between ad-
sorbate and adsorbent.

Figures 3 and 4 show the dependence between equilib-
rium concentrations of both phases for adsorption of BB41,
RB5, and AB1 dyes on Brewer’s spent grains and Orange peel,
respectively.

Additionally, the parameters and their standard devia-
tions, obtained by fitting the Langmuir and Freundlich mod-
els, are shown in Tables 3 and 4. The experimental data ad-
sorption equilibrium of dyes on BSG can be interpreted
adequately by the Freundlich model (R*> > 0.96), whereas
with the Langmuir model a better quality of fit was obtained
for the BB41 and RB5 adsorption on Orange peel (R*> >
0.97). The values of maximum adsorption capacity of the
dyes on OP are higher than BSG, 5, 2.5, and 2-fold for BB41,
RB5, and ABI, respectively.

The magnitudes of b parameters of the Langmuir iso-
therm indicate that the interaction energies between the
dyes and adsorption sites of the BSG, are greater than those
obtained with BSG (Table 3), probably due to the acidic
nature of this latter provided by the carboxylic functional
groups. In the case of adsorption of RB5 on OP this
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TaBLE 3: Langmuir model parameters.

Dye Brewer’s spent grains Orange peel
Gmax (Mgg™") b(Lmg") R >e Gmax (Mgg™") b(Lmg") R >e
BB41 324+23 0.021 = 0.007 0.772 66.5 157.2 4.2 0.021 = 0.002 0.992 108.4
RB5 223 +1.9 0.0077 = 0.0019 0.911 12.2 62.6 = 14.8 0.0012 = 0.0004 0.977 8.2
AB1 19.8 £ 0.3 0.019 = 0.001 0.985 1.26 453 7.5 0.0086 = 0.0042 0.737 102.2
TasLE 4: Freundlich model parameters.
Dye Brewer’s spent grains Orange peel
kF (mgg—l)(mgL—l)—l/n N RZ Zez kb (mgg—l)(mgL—l)—l/n n RZ Zez
BB41 5.54 +0.70 3.51 £0.28 0.962 11.4 15.72 + 3.06 2.50 = 0.25 0.951 625.9
RB5 1.46 = 0.26 2.42 +0.19 0.967 4.6 0.21 = 0.06 1.31 = 0.09 0.980 7.0
AB1 3.67 =0.43 3.77 = 0.30 0.962 34 3.08 = 1.39 2.42 +0.48 0.822 130.3
40 160
120
T T
o0 o0 4
é £ 80
S >
40
0o T T T T 0T T T T T
0 100 200 300 400 500 0 100 200 300 400 500
Ce(mgL~1) Ce(mgL™!)
A BB41 - Langm'uir model A BB41 —— Langmuir model
O RB5 - - - Freudlich model O RBS _ __ Freudlich model
O AB1 O AB1

FIGURE 3: Adsorption isotherms of dyes on Brewer’s spent grains.
Experimental conditions: temperature: 25°C; pH (natural): 4.0
(BB41), 5.0 (RB5), 5.3 (AB1): particle size; 0.25—-1.00 mm.

parameter is 20 times lower with respect to the one obtained
for the basic dye, whereby the isotherm is almost linear. The
partition constant was estimated in 0.0528 with a correlation
coefficient of 0.96. This means that the removal of dye by
OP is only caused by a phenomenon of partition and the
interactions occur primarily with adsorption sites existing on
the outer surface of this waste. This result also is originated
for the lower hydrophobicity and higher charge density that
has RB5 in respect to the other dyes.

In another study performed with the orange peel, re-
ported similar results for the adsorption of basic and acid
dyes. The maximum adsorption capacity of acid dyes is
between 40 and 65 mgg~!, and the magnitude of the inter-
action parameters is equal to that obtained in this study
(0.001-0.008 Lmg™!) [33]. On the other hand, the maxi-
mum adsorption capacity of malachite green on OP was de-
termined in 483mgg~' [34]. Similarly, the maximum

FIGURE 4: Adsorption isotherms of dyes on Orange peel. Experi-
mental conditions: temperature 25°C: pH (natural): 4.4 (BB41), 5.5
(RB5), 4.9 (AB1); particle size: 0.25-1.00 mm.

adsorption capacity reported for the acid dyes uptake (Acid
Yellow 17 and Acid Blue 25) on Brewer’s spent grains is
equivalent to that obtained in this work [35].

Although both adsorbents have an adsorption capacity
of dyes, of different ionic behavior, significantly lower than
those reported for commercial activated carbon and that
their interaction energies are also lower, they have a higher
density of functional groups [1, 2, 26, 36]. In particular it
has been reported that the adsorption capacity of RB5 by
activated carbon is 175 mgg~! [37]. Despite this, the adsorp-
tion capacities obtained with the Orange peel indicate that
its use in the removal of dyes from waste water can be an at-
tractive option, especially for those of basic type.

3.3. Kinetic Modeling. The pseudo-second-order rate expres-
sion has been used to describe adsorption that involves va-
lence forces through electrons shared or exchanged between



International Journal of Chemical Engineering

200

150 |

100 -

q (mgg™")

50

0 T T
0 200 400 600
Time (min)
A Cy50mgL~! ¢ 500mgL-1
m 250mgL —— Pseudo-second-order model
(a) BB41 adsorption on OP
60 -
=40 A
oo
18]
E
>
20 A
X
0 T T
0 200 400 600
Time (min)
A Cy50mgL~! ¢ 500mgL-!
B 250mgL —— Pseudo-second-order model

(c) ABI adsorption on OP

100

80 A

q (mgg™")

0 T T T T T
0 100 200 300 400 500 600
Time (min)
A Co50mgL~! e 500mgL-!
® 250mgL —— Pseudo-second-order model
(b) BB41 adsorption on BSG

50
40 4

q (mgg™")

0 T T T
0 100 200 300
Time (min)
A Cy50mgL! ¢ 500mgL-!
B 250mgL —— Pseudo-second-order model

(d) ABI1 adsorption on BSG

FIGURE 5: Kinetic modeling of dye adsorption on agroindustrial wastes.

the adsorbent and adsorbate, such as covalent interactions
and ion exchange [38]. Recently this kinetic model (5) has
been successfully applied to the adsorption of pollutants
from aqueous solutions:

(5)

where k; is the pseudo-second-order rate constant (gmg~!
min~!), g. is the amount of dye adsorbed at equilibrium
(mgg™), and q is the amount of dye adsorbed at time t
(mgg™").

Equation (6) is obtained by integrating (5) using the
boundary conditionst = 0tot =tandg=0tog = g:

1
q_Qe[l—(IH{M} (6)

The progress curve of the adsorption capacity (6) was
properly interpreted by the pseudo-second-order model
(Figure 5); the coefficients of determination are in the range
0.90-0.99. The results indicate that the adsorption capacity
was increasing to the extent that the initial concentration of
dye was higher because the driving force has been enhanced.
However, for the adsorption of dyes onto BSG using the
greater initial concentration (500 mgL™!), the intraparticle
diffusion restriction appears very early, which is consistent
with the porous morphology of this adsorbent. The diffusive
control intraparticle is more notable to the extent that the
molecular weight increases. Figures 5(b) and 5(d) show
the adsorption of BB41 and AB1 whose ratio of molecular
weights is 1:1.3 (Table 1). Therefore this effect is manifested
most significantly with the dye RB5.
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TaBLE 5: Parameters of pseudo second order model.
Basic Blue 41

Co (mgL™1) q. (mgg™) ky % 10° (gmg~' min~!) R? > e?

50 BSG 16.67 £ 0.51 2.30 = 0.39 0.979 8.23
OoP 16.87 +0.29 4.08 = 0.51 0.992 1.75

250 BSG 49.88 = 2.06 0.51 =0.11 0.972 97.03
OP 91.15+0.33 1.67 = 0.68 0.999 2.89

500 BSG 60.38 +2.09 1.08 = 0.23 0.952 225.96
OP 127.46 = 2.60 0.61 = 0.09 0.989 143.81

Acid Black 1

50 BSG 11.85 + 1.02 1.68 = 0.59 0.904 14.52
OP 5.21+0.33 2.98 +0.76 0.961 0.78

250 BSG 23.87 = 0.80 6.97 = 1.35 0.948 44.95
OP 20.26 = 0.82 1.57 £ 0.32 0.971 8.66

500 BSG 32.65 +1.77 2.04 = 0.62 0.920 135.85
OP 49.85 £ 1.05 0.36 = 0.03 0.995 9.15

Reactive Black 5

50 BSG 10.07 = 0.46 7.30 = 0.13 0.990 1.18
OP 3.18+0.10 3.40 = 0.39 0.993 0.05

250 BSG 17.38 = 0.61 0.62 £ 0.09 0.991 3.32
OP 20.03 = 0.34 1.87 = 0.17 0.994 1.67

500 BSG 97.5 = 35.10 0.01+0,00 0.975 81.73
OP 40.32 £ 2.37 0.46 = 0.11 0.958 47.89

The decay curves of RB5 concentration (C/Cp against t)  Acknowledgment

obtained for adsorption on OP at different initial concen-
trations of dye, overlap. This result indicates the absence of
diffusion intraparticle, and therefore, the process is governed
only by the external mass transfer. The high molecular weight
of RB5 and the structure nonporous of OP are the causes of
this behavior.

The parameters of pseudo-second-order model, g, and
k,, and their standard deviations are shown in Table 5. The
equilibrium adsorption capacity of OP was higher than BSG;
specifically the values for BB41, RB5 and ABI1, are respec-
tively, 6-, 2.5- and 2-fold higher. The equilibrium capacities
for both adsorbents increase as the initial dye concentration
is increased. The kinetic parameter k,, obtained for Orange
peel, decreases steadily to the extent that the initial dye
concentration increased, while for BSG it does not show a
clear trend as a consequence of the restrictions imposed by
the diffusion intraparticle.

4. Conclusion

The present study shows that the agroindustrial wastes
biomass such Orange peel and Brewer’s spent grains has
significant potential as biosorbents for the removal of basic
dyes from its aqueous solution, because their surfaces are
predominantly negatively charged. The results indicated that
the Orange peel presented a higher maximum capacity of
adsorption than Brewer’s spent grains for the cationic dye,
Basic Blue 41, as well as for the anionic dyes, Acid Black 1,
and Reactive Black 5.

This work was funded by Chilean Agency Fondecyt, Project
1090098.
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Poly(vinyl chloride)/nitrile butadiene rubber (PVC/NBR) alloys were melt-mixed using a Brabender Plasticorder at 180°C and
50 rpm rotor speed. Alloys obtained by melt mixing from PVC and NBR were formulated with wood-flour- (WF-) based olive
residue, a natural byproduct from olive oil extraction industry. WF was progressively increased from 0 to 30 phr. The effects of WF
loadings on the tensile properties of the fabricated samples were inspected. The torque rheometry, which is an indirect indication of
the melt strength, is reported. The pattern of water uptake for the composites was checked as a function WF loading. The fracture
mode and the quality of bonding of the alloy with and without filler are studied using electron scanning microscope (SEM).

1. Introduction

Polymer alloys continue to represent a field of intensive re-
search. One of the most common blends in the modern
sense is PVC with NBR [1, 2]. Due to the miscible nature
of PVC/NBR blend as evidenced from single glass transition
(T,) the soft blend of PVC/NBR can be categorized as a ther-
moplastic elastomer (TPE) and more specifically as a melt
processable rubber (MPR) [3-5]. Fillers are incorporated
mainly to improve service properties or to reduce material
cost depending on the source of filler, type of filler, method
of preparation, and treatment. Very large quantities of the
natural lignocelluloses polymers are produced annually as
agrowastes. A very small amount is used as antioxidants or
fillers in polymers. The rest is used almost as fuel to generate
energy. The field of wood-based agrowastes polymer com-
posites is extensively reviewed in the open literature [5-8].
Recently, we report the effect of virgin olive pomace on the
flexural and thermal performance of toughened PVC com-
posites [9]. We found that the virgin olive pomace enhanced
the flexural properties to a certain extent, which was due
to the hydrogen bond formation, while the thermal stability
was improved due to the phenolic hydroxyl group within
the lignocellulosic powder. In this work, the effect of

wood-flour-based olive residue on the tensile properties,
water absorption and morphology of PVC/NBR alloys are
reported in the current investigation.

2. Experimental

2.1. Materials and Formulation. Acrylonitrile nitrile rubber
with 34% acrylo content was supplied by Bayer AG, Ger-
many. Suspension PVC grade in powder form with a k-value
of 67 was supplied by SABIC of Saudi Arabia and stabilized
with lead salt. Wood-flour-based agrowastes with particle
size equal or less than 45um were used as received. The
WE-based olive mill residue has been fully characterized
and reported earlier; the major reactive functional group
with its structure was the hydroxyl group from the cellulose
and hemicellulose [10, 11]. The samples were formulated
according to the following recipe: NBR: 20% PVC: 80%, WEF:
various in part per hundred-part polymer (php), that is, the
filler loading was based on the total amount of resin (PVC)
and elastomer (NBR), which is 100 parts.

2.2. Sample Preparation. Mixing was carried out at 180°C
and 50rev-min~! rotor speed using a computerized



brabender plasticorder Model PLE 331 for 8 minutes. The
NBR was initially loaded into the mixing chamber of
Brabender for one minute, followed by PVC and the wood
flour.

2.3. Torque Rheometry. Melt rheological properties of the
prepared blends were evaluated using a Brabender Plasti-
corder at the predetermined mixing variables. Mixing was
continued until torque and temperature were stabilized to
constant values of 8-10 min at 50 rev/min as the optimum
mixing shear. The effect of WF loading on the shear heating
(AT) in a Brabender Plasticorder results in temperature
rise given as: AT = melt temperature — set temperature.
Mixing was performed until constant stabilization torque
and temperatures values were recorded.

2.4. Tensile Properties. Tensile properties were carried out
according to ASTM D638. The dumbbells specimens were
cut from 2mm thick molded sheets of wood-flour-filled
PVC/NBR alloys. Five specimens were tested, and the median
value was taken for each formulation.

2.5. Water Absorption. 2 mm thick rectangular samples were
weighed in air. The samples were immersed in distilled
water for seven days at room temperature. The samples were
removed from water, wiped with tissue paper, and reweighed.
The % water uptake was calculated according to the follow-
ing equation:

W, — W,
1

% Water uptake = % 100, (1)

where W is the sample weight in air and W, is the weight
after immersion. The average of three samples was calculated.

2.6. Thermal Analysis. The composites were scanned by a
Perkin-Elmer DSC-6 differential scanning calorimeter (DSC)
in the range of —40 to 100°C at heating rate of 5°C/min.

2.7. Failure Mode. To check the failure mode and the quality
of bonding the surfaces of the tensile fractured samples were
viewed under scanning electron microscope (SEM) model
(geol Tokyo, Japan). The specimens were sputtered with Au-
Pd alloy prior to scanning to avoid electrostatic charges.

3. Results and Discussions

Figure 1 shows the effect of WF loading on tensile modulus of
PVC/NBR alloy. It can be seen that tensile modulus increased
steadily with filler loading. This trend is in line with earlier
work on rigid and toughened PVC [9, 10]. The observed
trend recorded in Figure1 could be attributed to the
reduction in free volume between the chains of the PVC/NBR
alloy. Reduction in the free volume with filler loading
leads to the observed trend shown in Figure 1. Figure 2
shows the influence of WF on the yield tensile strength of
the PVC/NBR alloy as a function of filler loading. It is clear
that the yield tensile strength decreased with WF loading.

International Journal of Chemical Engineering

2.9 1
2.7 1
2.5 1
2.3 1
2.1 1
1.9 4

Tensile modulus 10> (MPa)

1.7 4

1.5

0 10 20 30
Filler loading (php)

FIGURE 1: The influence of filler loading on tensile modulus of
PVC/NBR alloy.
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FiGure 2: The influence of filler loading on the yield tensile strength
of PV/NBR alloy.

Such observation might be due to the inability of WF to
transfer the stress, possibly due to improper filler dispersion
in the matrix and moisture pick-up which lead to insufficient
interfacial bonding between the alloy and the filler.

Similar trends were recorded in the case of percentage
strain at yield shown in Figure 2. Again this might be due
to the rigidity of the PVC/NBR filled with WF due to
the rigidity of the filler itself. The progress of the stock
temperature as a function of WF loading is represented
in Figure 3 for the PVC/NBR alloy. One can see that the
stock temperature increased with WF loading over the
set processing conditions. However, the extensive shearing
causes the stock temperature to rise steeply above the mixing
temperature even at the end of the 8th min of the mixing
time, until the stock temperature undergoes a steady value.
Interestingly, the equilibrium torque displayed in Figure 3,
which is an indirect indication of the melt strength, showed a
higher value with addition of WF as compared to the control
sample. This suggested that the addition of WF has slightly
restricted the mobility of the alloy due to the interaction
between the matrix and the filler and hence increased the
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FIGURE 3: The influence of WF loading on the equilibrium torque
and stock temperature of PV/NBR alloy.
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Ficure 4: The influence of WF loading on % water uptake of
PV/NBR alloy.

melt strength. Such finding suggests that certain types of
interactions between the filler and the matrix have occurred,
such interactions are expected to slightly restrict the mobility
of the alloy chains and increased the torque. Figure 4 shows
the water absorption behavior of the PVC/NBR alloy as a
function of filler loading. It can be seen that water absorption
has increased with WF content. This is mainly due to
hydroxyl content of the WE. The low uptake in case of the
unfilled composite could be due to the hydrophobic nature
of the polymer.

3.1. Thermal Analysis. Figure 5 illustrates DSC curves (first
run) for PVC/NBR control and for the composite with WF at
20 php loading of filler loading. Looking at the DSC curves
presented in Figure 5 at the —40-90°C temperature interval,
one can see that the endotherm peak was detected. Such
peak was shifted to the right by the incorporation of the
WF loading. One may conclude that this peak is caused by

0.02

Heat flow (Wg™1)
o

—0.02 A
T T T T T T T T T T T
-30 -20-10 0 10 20 30 40 50 60 70 80 90
Temperature (°C)
— PVC/NBR/WF
—— PVC/NBR

F1Gure 5: DSC traces of PVC/NBR alloy with and without WE

molecular relaxation of the PVC/NBR alloy. Note that the
addition of WF has delayed the molecular relaxation of the
alloy. This should be related to the interaction between the
WEF and the PVC/NBR alloy via polar-polar interaction as
reported earlier [9, 10].

3.2. SEM. Interfacial interactions and the strength of adhe-
sion determine micromechanical deformation processes and
the failure mode of the composites [11, 12]. The SEM
micrographs that were taken from the surfaces of broken
specimens offer indirect information about the failure mode
and bonding quality. Figure 6(a) presents the fracture surface
of the plain blend. It can bee seen that the system is one phase
with some particles that come from ingredients added to the
PVC compound such as stabilizers and so forth. Figure 6(b)
shows the fracture surface of sample with 10 php filler. It
can be seen that the wood is covered with the polymer and
the relatively small number of holes related to debonding
or fiber pull-out indicates good adhesion. On the other
hand, the opposite is observed in composites prepared with
the higher amounts of filler doses, namely, 20 and 30 php
loading, respectively, as shown in Figures 6(c) and 6(d). The
number of debonded particles is quite large, the contours
of particles remaining on the surface of the matrix are
sharp, and adhesion seems to be poor, at least compared to
Figure 6(b).

4. Conclusions

Based on this paper it can be concluded that pristine WF
has improved the tensile modulus of the blend whereas the
tensile strength remained more or less the same. It also can
be concluded that the filler has good degree of interactions as
indicated by the torque data obtained from the Brabender
plasticorder. The DSC traces showed that the molecular
relaxation of the blend was hindered with the presence of the
WE. SEM micrographs showed that the failure mode was due
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FIGURE 6: Scanning electron microscope images of (a) plain PVC/NBR alloy (b) PVC/NBR at 10 php filler loading, (c) 20 php filler, and (d)
30 php filler.

to the pull-out of the filler; furthermore, higher loading of
the WF has led to agglomeration.
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Protein wastes (feathers, goat hair) and cellulosic wastes (corn cob, coconut husks) were collected and washed with detergent
solution, thoroughly rinsed and sun dried for 2 days before drying in an oven, and then ground. One-half of ground material was
carbonized at a maximum temperature of 500°C after mixing with H,SO,. The carbonized parts were pulverized; both carbonized
and uncarbonized sorbents were sieved into two particle sizes of 325 and 625 ym using mechanical sieve. Sorbents of a given
particle size were packed into glass column.Then, textile wastewater that had its physicochemical parameters previously determined
was eluted into each glass column and a contact time of 60 and 120 mins was allowed before analysis. Results showed 48.15-99.98
percentage reduction of NO5 ™, EC, Cl~, BOD, COD, DO, TSS, and TDS, 34.67-99.93 percentage reduction of NO; ~, EC, Cl~, BOD,
COD, DO, TSS, and TDS, 52.83-97.95 percentage reduction of Pb**, Ni?*, Cr’" and Mn?" and 34.59-94.87 percentage reduction
of Pb?*, Ni**, Cr** and Mn?*. Carbonization, small particle, size and longer contact time enhanced the sorption capabilities of the

sorbents. These show that protein and cellulosic wastes can be used to detoxify wastewater.

1. Introduction

Wastewater may be purely domestic or may contain some
industrial wastewater as well [1]. Residential wastewater
is a combination of excreta, flush water, and all types of
wastewater generated from household. It is more commonly
known as sewage and much diluted. There are two types
of domestic sewage: black water or wastewater from toilets
and gray water, which is wastewater from all sources except
toilets [2]. Industrial wastewater comes from commercial
activities (shops, restaurants, fast food shops, hospitals,
etc.), industries (e.g., chemical industries, pharmaceutical
companies, textile manufacturing, etc.), agriculture (e.g.,
Slurry), and so forth. Wastewaters from dyeing operations
are characterized by color caused by both organic and
inorganic compounds [3].

The organic compounds are more problematic in indus-
trial effluent than inorganic materials [4, 5] because, apart
from the color, it imparts on the wastewater, biodegradation
of organic material in the dye depleting the dissolved

oxygen of the water thereby stressing aquatic microbes [6].
Traditional wastewater treatment technologies have shown
to be ineffective for handling synthetic dyes because of the
chemical stability of these pollutants [7].

There is no single or economically attractive method
of treatment of textile wastewater [8], although notable
achievements were made in the use of biotechnological
approaches to solving the problem recently as reviewed
by dos Santos et al. [9]. In addition to biological treat-
ment, many physical and chemical treatment methods have
been employed for dye removal from wastewaters such as
coagulation, flocculation, filtration, oxidation or reduction,
complex formation, or neutralization [10]. New adsorp-
tion/oxidation, adsorption/reduction, and many combined
processes were reviewed by Qu [11], while radiation-
induced degradation process for treatment of wastewater was
reviewed by Wojnarovites and Takacs [12]. Solid sorbents
have been employed in adsorption techniques to remove
certain classes of chemical pollutants from waters; activated
carbon is the most successfully used, but the high operating



costs and problems with regeneration of the spent activated
carbon discourage its large-scale application. Therefore, a
number of nonconventional sorbents have been tried for
the treatment of wastewaters, in this class are various
industrial wastes, agrowaste, or natural materials available
in large quantity at low cost and are classified as alternative
sorbents for the removal of inorganic and organic pollutants
from wastewaters [13—16]. In this present study, the aim
is to determine the efficacy of chemically modified and
unmodified biological (proteinous and cellulosic) waste
sorbents in treatment of textile wastewater; also the effect
of particle sizes, carbonization (activation), and contact time
will be established.

2. Materials and Methods

2.1. Collection of Sorbents and Preparation. Cellulosic waste
sorbents (corn cob and coconut-husk (coir)) were procured
from a local market around Awka, while protein waste
sorbents (goat hair and chicken feathers) were sourced
from Awka main abattoir. They were thoroughly washed
with soap solution, sun dried for two days before drying
in an oven at 105°C for 2 hours, and then ground.
One-half of each ground material was carbonized at a
temperature of 300°C for 30mins, cooled and activated
with H,SOy, and further heated at a temperature of 500°C
for complete carbonization. The carbonized materials were
again pulverized. Both materials were sieved into two
particle sizes of 325um and 625um using mechanical
sieve.

2.2. Wastewater Collection and Analysis. Textile wastewater
was collected from general cotton mills Onitsha. Physico-
chemical parameters of the wastewater were analyzed before
and after contacting with the adsorbents for each contact
time and particle size.

Nitrate was determined according to American Public
Health method [17], and chemical oxygen demand (COD)
was determined by the dichromate method [18]. Biological
oxygen demand (BOD) and dissolved oxygen (DO) were
determined electrochemically [19].

The chloride content was determined by colorimetric
method, while total suspended solid (TSS) and total dis-
solved solid (TDS) were determined by their respective
standard methods [19]. A standard pH meter was used to
determine the pH, and a digital conductometer (consort
K120, Belgium) was used to determine electrical conductiv-
ity (EC). Heavy metals (Pb, Mn, Ni, and Cr) were determined
at their respective wavelengths (281.5, 278, 231, and 358) nm
after digestion using clean filtrates of the samples by means
of atomic absorption spectrophotometry 205 A.

2.5 g of each sorbent (both carbonized and uncarbonized
and each particle size) were separately packed in glass
adsorption column with inner diameter 11 m, bed height
270 mm; the wastewater was eluted into it and allowed a
contact time of 60 and 120 minutes. The wastewater was
collected after 60 and 120 mins, respectively, and all the
previous parameters were again determined to ascertain the
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percentage absorption after each batch. Results are shown in
Tables 1-4.

3. Results

From Table 1, nitrate, chemical oxygen demand (COD),
biological oxygen demand (BOD), dissolved oxygen (DO),
chloride (Cl™), total suspended solids (TSS), total dissolved
solid (TDS), and electrical conductivity were drastically
reduced, while the pH was increased to near neutrality. The
reduction of the parameters increased at increased contact
time. Feather, either carbonized (activated) or uncarbonized
was more promising at both contact time and particle
size than goat hair. Smaller particle size (large surface)
absorbed/adsorbed more than large particle size (smaller
surface area). More reduction in concentration of pollutants
also occurred at longer contact time (120 mins); the trend
of absorption is for carbonized sorbent at 60 mins: 325 ym
feather > 325 ym goat hair > 625 ym feather > 625 ym goat
hair. For uncarbonized: 325 ym feather > 325 ym goat hair
> 625 ym feather > 625um goat hair. At 120 mins contact
time, for carbonized, order of absorption is 325 ym feather >
325 um goat hair > 625 ym feather > 625 um goat hair. For
uncarbonized, the same trend is observed, although varia-
tions exist. The percentage range in absorption of parameters
at 60 mins contact time is nitrate (96.02-99.89), COD
(49.11-96.43), BOD (48.15-97.84), DO (52.00-96.67), Cl~
(56.62-88.35), TSS (99.90-99.95), TDS (99.31-99.92), and
EC (93.67-95.61), while the percentage range of absorption
of the same parameters at 120 mins contact time were nitrate
(99.69-99.92), COD (56.96-98.21), BOD (62.96-99.07), DO
(71.33-98.00), Cl~ (63.49-89.13), TSS (99.95-99.98), TDS
(99.29-99.93), and EC (95.00-95.92).

From Table 2, there is near equal reduction in con-
centration of parameters by corn cob and coconut husk;
but in terms of number of parameters reduced (absorbed/
adsorbed) more, the sorption order is for carbonized at
60 mins contact time: 325 ym corn cob > 325um coconut
husk > 625um coconut husk > 625um corn cob. For
uncarbonized, 325um corn cob > 325um coconut husk
> 625pum coconut husk > 625um corn cob. At 120 mins
contact time, the high sorption capability of the adsorbents
for the pollutants is in the order; for carbonized, 325 uym
corn cob > 325um coconut husk > 625um coconut husk
> 625 um corn cob. For uncarbonized, 325 ym corn cob >
325 ym coconut husk > 625 ym coconut husk > 625 ym corn
cob. The percentage ranges in absorption of the parameters
at 60 mins contact time for both particle sizes are as follows;
nitrate (67.35-99.29), COD (38.21-78.93), BOD (41.05—
81.48), DO (36.67-81.33), Cl~ (50.20-83.61), TSS (94.76—
97.57), TDS (97.61-99.91), and EC (87.50-89.58),while
the range of percentage absorption of the parameters at
120 mins contact time for both particle size is thus; Nitrate
(79.49-89.69), COD (42.86-80.36), BOD (51.85-96.30), DO
(34.67-74.67), Cl~ (58.61-88.84), TSS (95.14-97.60), TDS
(98.34-99.93), and EC (87.92-91.46).

From Table3, at 60mins contact time, carbonized
325um feather showed higher percentage absorption of
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TABLE 1: Use of carbonized/uncarbonized waste protein sorbents in removal of pollutants from wastewater.
Particle . % absorption of physicochemical parameters
S/mo.  gorbents size Contact time e
(mins) NO; COD BOD DO Chloride TSS TDS (USICM) pH
(1) Carboﬁzfd 8o 355 um 99.89  90.54 9321 88.00 88.35  99.95 99.88  95.00  8.00 (5.00)
) Cafreba‘zlrl‘;fed 325 um 99.89 9643 97.84 96.67 86.82  99.95 99.90 9561  8.00 (5.00)
(3) Carboﬁzfd 80l o5 um 0 99.69 81.07 7130 62.00 7329  99.81 99.84 9438  7.00 (5.00)
(4) Cafre]:‘t)lrl‘ged 625 ym 99.39 7143  62.96 78.67 77.86  99.95 99.78  94.67  8.00 (5.00)
(5) Uncarbonized ., um 99.49 7571 71.60 81.33 8379  99.95 9931  93.75  7.00 (5.00)
goat hair
(6) U“Cfift’g;‘rlzed 325 um 99.59 8571 7099 91.33 8532  99.95 99.85  93.83  7.50 (5.00)
(7 ~Uncarbonized um 96.02 4911 5679 52.00 56.62 99.90 99.92  93.75  7.50 (5.00)
goat hair
(8) U“Cfift’ﬁé‘rlzed 625 ym 99.79  54.64 48.15 52.67 71.04 99.95 99.88  93.67  8.00 (5.00)
(9) Carbolrllfifd 8ol 35 um 99.89  92.68 9691 92.00 89.13  99.95 9929 9550  8.00 (5.00)
(10) Cafrel;‘t’}‘:ged 325 um 99.92 9821 99.07 98.00 88.38  99.98 99.93 9542  8.50 (5.00)
(11) Carbolrll;zi‘;d 8ol o5 um o 99.79  80.54 68.52 72.00 76.60 99.88 99.88 9521  7.80 (5.00)
(12) Cafrezct’}’:ged 625 ym 99.79  80.36 72.84 92.00 80.35  99.98 99.85 9575  7.80 (5.00)
(13) Uncarbonized 5,0 99.69 78.57 6728 90.67 87.69  99.95 99.48 9250  7.50 (5.00)
goat hair
(14) Uncfgzﬁ;‘rlzed 325 um 99.80 88.93 80.86 94.67 87.11  99.98 99.88 9592  8.00 (5.00)
(15) Uncarbonized ()0 ) 96.91 56.96 62.96 78.67 6349  99.95 99.94 9500  8.00 (5.00)
goat hair
(16) Uncfigzﬁ?rlzed 625 ym 99.90 5857 6296 7133 7555  99.95 99.93 9508  8.00 (5.00)

Value in parenthesis is pH result before treatment.

Mn?* and Cr’*, while carbonized 325 goat hair showed
higher percentage absorption of Ni**. Carbonized 625um
feather had higher percentage absorption of Pb**, Mn?*, and
Cr’* than carbonized 625um goat hair which had higher
percentage absorption of Ni?*. For uncarbonized, 325um
feather showed highest percentage absorption of Pb** and
Cr®*, while 325 um goat hair absorbed highest percentage
of Mn?* and Ni**, using 625 ym, feather absorbed highest
percentage of Mn?* and Ni’**, while goat hair absorbed
highest percentage of Pb** and Cr’".

At 120mins contact time, carbonized 325um feather
absorbed highest percentage of Pb**, Mn?*, and Cr’**, while
325um goat hair showed highest percentage absorption
of Ni**. Using 625 um, carbonized feather showed highest
percentage absorption of Pb?*, Mn?*, and Cr’*, while goat
hair showed highest percentage of Ni?*. Using uncarbonized
sorbents, 325 ym feather showed highest percentage absorp-
tion of Pb?*, Cr** from the solution, while 325um goat
hair removed highest percentage of Mn?* and Ni**. Using

625 um, goat hair had highest percentage absorption of
Mn?*, Ni?*, and Cr’", while feather had highest percentage
absorption of Pb?*.

From Table 4, using carbonized sorbents at 60 mins
contact time, 325um corn cob showed highest percentage
absorption of Pb?" and Ni**, while 325 um coconut husk
showed highest percentage absorption of Mn?* and Cr**
from the wastewater. Using 625 ym, coconut husk absorbed
highest percentage Pb** and Cr**, while 625 um corn cob
showed highest percentage absorption of Mn?* and Ni**.
Using the uncarbonized at the same contact time, 325 ym
coconut husk had more percentage affinity for Pb?* and Cr**
while 325um corn cob did so for Mn?** and Ni**. Using
625 um, corn cob sorbed more percentage of Pb?*, Ni?*, and
Cr’*, while 625 ym coconut husk sorbed highest percentage
of Mn?",

At 120 mins contact time, carbonized 325 ym corn cob
sorbed highest percentage of Ni**, while 325um coconut
husk sorbed highest percentage of Pb?**, Mn?*, and Cr**.
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TasLE 2: Use of carbonized/uncarbonized waste cellulosic sorbents in removal of pollutants from wastewater.
Particle % absorption of physicochemical parameters
$/mo. Sorbents size Contact time EC
(mins) NO;” COD BOD DO Chloride 1TSS TDS iy PH

(1)  Carbonized 325 um 85.61 7893 81.48 81.33 8026 9514 99.66 8958  8.0(5.0)
corn cob

(py ~ Carbonized g0 8459 6321 6852 3667 8250 97.57 9991 8833  7.50(5.00)
coconut husk

(3  Carbonized 625 ym 83.57 5214 41.05 70.67 64.65 97.48 99.64 8750  7.50 (5.00)
corn cob 60

(4 Carbonmized 0 82.14 5214 4938 5800 70.09 9748 99.80  88.13  7.50(5.00)
coconut husk

(5) Uncarbonized 325 um 81.02 7857 7531 5400 63.01 97.38 99.37  88.75  8.00 (5.00)
corn cob

() Uncarbonized - y,5 7929 6250 6049 48.67 8361 9519 99.82  88.96  7.50 (5.00)
coconut husk

(7) ~ Uncarbonized 625 ym 6735 3821 5370 54.67 5020 97.33 98.64 8750  8.00 (5.00)
corn cob

() Uncarbonized 0 99.29 47.14 69.75 4400 68.01 9476 97.61  88.13  7.50 (5.00)
coconut husk

(9p ~ Carbonized 50 89.69 79.64 9630 5200 8422 9757 99.68  90.83  7.80 (5.00)
corncob

(10) Carbonized 325 um 79.49 6393 6975 7333 88.84 9519 99.93  91.04  8.00 (5.00)
coconut husk

(1) ~Carbonized 0 8950 5821 51.85 7467 69.77 9745 99.68  90.83  7.50 (5.00)
corncob 120

(12) Carbonized 625 ym 89.59 7857 7037 60.00 73.18 9514 99.86 9125  7.50 (5.00)
coconut husk

(13) Uncarbonized 5,5 80.61 8036 69.75 34.67 88.76 9583 99.45 9146  8.50 (5.00)
corn cob

(14) Uncarbonized 325 um 89.39 6411 5679 39.33 8439  97.60 99.88  90.83  8.00 (5.00)
coconut husk

(15) Uncarbonized )0 81.02 4286 6605 46.67 5861 9743 9898  87.92  7.50(5.00)
corn cob

(16) Uncarbonized 625 ym 87.14 56.07 5494 58.67 73.18 97.38 98.33  88.13  8.00 (5.00)

coconut husk

Value in parenthesis is pH result before treatment.

When using larger particle size (625pum), coconut husk
sorbed highest percentage of all the metal ions examined
than corn cob; using the unactivated, 325um corn cob
sorbed highest percentage of Mn?* and Ni**, while 325 ym
coconut husk sorbed highest percentage of Pb>" and Cr**.
Using unactivated sorbent, 625 ym corn cob absorbed high-
est percentage of Ni?* and Cr®*, while 625 ym coconut husk
absorbed highest percentage of Pb?>* and Mn?*.

4. Discussion

Solid wastes can be advantageously used as alternative
sorbents because of their low cost and local availability.
Adsorption of a basic dye-methylene blue and an acidic
dye-eosin on wood dust of different particle size at varying
speed has been studied by monitoring color reduction [20].
Sawdust and related waste materials from timber industry
that are readily available and are inexpensive sorbents have

been used to remove unwanted chemical substances from
waters including dyes, oils, toxic salt, and heavy metals [9,
21]. Several cellulose-based waste materials which originate
from agroindustry can be used as sorbents for synthetic
dyes, such include banana and orange peels [22], olive
pomace [23], palm kernel fibre [24], cotton fibre [25],
several others have also been used to sequestrate metals
from aqueous solution [26, 27]. Since most applied materials
are cellulosic, adequate attention has not been given to
studies on sorption capacity of protein waste. This study
has proved that protein-based waste sorbent are more
efficacious in removal of pollutants from wastewater (Tables
1 and 3). This assertion is in comparison with cellulosic
sorbents when placed side by side at the same particle
size, activation (carbonization), and contact time, although
cellulosic sorbents under study are highly efficient pollutant
absorbent/adsorbent (Tables 2 and 4). A critical analysis of
the results (Tables 1-4) shows high percentage reduction in
the concentrations of parameters analyzed. The differences
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TaBLE 3: Use of carbonized/uncarbonized waste protein sorbents in removal of heavy metals from wastewater.

% absorption of heavy metals

S/no. Sorbents Particle size Contact time (mins)
Pb Mn Ni Cr
(1) Carbonized goat hair 325 pum 87.05 80.84 94.62 81.89
(2) Carbonized feather 325 pum 87.05 83.58 90.51 92.83
(3) Carbonized goat hair 625 ym 65.88 78.53 77.18 58.87
(4) Carbonized feather 625 ym 60 78.82 79.79 73.33 73.58
(5) Uncarbonized goat hair 325um 76.00 76.21 90.51 78.11
(6) Uncarbonized feather 325um 81.18 74.32 78.97 83.77
(7) Uncarbonized goat hair 625 um 77.65 63.16 70.77 61.51
(8) Uncarbonized feather 625 um 75.29 68.21 73.85 52.83
9) Carbonized goat hair 325um 85.41 77.26 97.95 84.15
(10) Carbonized feather 325pum 91.53 82.74 94.36 89.06
(11) Carbonized goat hair 625 ym 71.76 80.21 76.64 66.79
(12) Carbonized feather 625 ym 120 89.18 80.84 74.87 76.60
(13) Uncarbonized goat hair 325um 75.53 83.58 90.26 85.66
(14) Uncarbonized feather 325pym 90.12 81.26 77.69 92.08
(15) Uncarbonized goat hair 625 ym 65.18 68.84 74.87 63.77
(16) Uncarbonized feather 625 ym 79.76 68.63 74.62 63.02
TaBLE 4: Use of carbonized/uncarbonized waste cellulosic sorbents in removal of heavy metals from wastewater.
S/no Sorbents Particle size Contact time (mins) % absorption of heavy metals
Pb Mn Ni Cr

(1) Carbonized corncob 325um 76.00 63.79 92.31 64.15

Carbonized coconut husk 325 ym 61.18 73.47 74.87 74.34
(3) Carbonized corncob 625 ym 37.65 64.63 66.15 44.15
(4) Carbonized coconut husk 625 ym 60 70.59 47.16 52.56 58.87
(5) Uncarbonized corn cob 325pum 66.35 65.68 76.15 63.02
(6) Uncarbonized coconut husk 325um 75.29 57.47 63.08 70.19
(7) Uncarbonized corn cob 625 ym 71.76 47.16 52.31 42.26
(8) Uncarbonized coconut husk 625 ym 61.65 57.68 49.74 36.60
9) Carbonized corncob 325 ym 71.76 70.11 94.87 63.40
(10) Carbonized coconut husk 325 um 91.06 77.26 82.56 83.40
(11) Carbonized corncob 625 ym 48.24 78.11 65.13 52.45
(12) Carbonized coconut husk 625 ym 120 74.12 78.11 68.21 65.28
(13) Uncarbonized corn cob 325um 69.41 74.74 89.23 79.62
(14) Uncarbonized coconut husk 325um 79.76 57.89 73.85 81.51
(15) Uncarbonized corn cob 625 um 34.59 47.79 66.15 50.19
(16) Uncarbonized coconut husk 625 ym 69.41 57.89 62.05 50.19

in the percentage absorption profiles of the sorbents for
each pair of particle size at any given contact time for
the parameters assessed were insignificant. The bottom line
therefore is that the sorbent powders absorbed appreciable
percentage concentrations of the pollutants. A number of
natural features inherent in the adsorbents enable them to
show high sorption capacity for the pollutants. Coconut
husk and corn cob are both fibrous and granular and
are with hollow internal conduits; xylem for transporting
water and phloem for transporting dissolved nutrients. The
pollutants are absorbed into the pits, voids, lacunae, or
lumina. Activation of cellulosic adsorbents-coconut husk
(coir) and corn cob causes the production of oleophilic resins

which enhances high percentage absorption of the pollutants
[28]. Carbonization leads to the destruction of cellulose
structure in the plant materials and the size of macro-,
micro-, and mesopores increases. Developed structure with
larger specific surface area and porosity are obtained than in
uncarbonized adsorbent, hence high percentage absorption
or removal of the pollutants by carbonized sorbents than
in the uncarbonized. Uncarbonized protein (feathers and
goat hair) and cellulose (coir and corn cob) adsorbents
have a natural waxy water proof coating with large exter-
nal surface which enables them to have high percentage
absorption for the pollutants. High adsorption capability is
determined by large specific surface and porous structure



of sorbents as well as by chemical interaction with the
surface functional groups present in carbonized sorbents,
hence high percentage removal of the pollutants by both
carbonized cellulose and protein sorbents. The variations
observed in the study may be as a result of adsorption-
desorption phenomenon occurring at dynamic equilibrium
as adsorption may be governed by physical interaction [29].
It may also be due to agitation from wind (atmospheric
phenomenon) or structural vibration. It can also be due to
the fact that absorption/adsorption is nonstoichiometry and
there may be inhomogeneity in the shapes, particle sizes,
surface area, pore size, morphology of the sorbents, and
specific retention volume for each target compounds by the
sorbents. Although only textile wastewater was used in this
work [30], the method can be applied to all types of waters
as present result compared well with previous work in which
activated and unactivated powders of rice and groundnut
husk were used to remediate brewery and beverage wastew-
ater [31]. NO3;~, BOD, COD and DO were analyzed to
establish the presence of chromophores (group of atoms
responsible for dye color as well as electron withdrawing
or donating substituents that modify or intensify the color
of chromophores called auxochromes). The most important
chromophores are azo (-N=N-), carbonyl (-C=0), methine
(=CH), nitro (-NO,), and quinoid while auxochromes are
amine (—NH,), sulfonate (-SOsH), carboxyl (-COOH), and
hydroxyl (-OH) [9]. Electrical conductivities were drastically
reduced by all the sorbents at all particle size, contact
time, and activation following the normal trends already
observed. There was also noticeable color reduction though
not of interest in the present study. The decrease in the
pH comparing with the base wastewater values shows that
the active sites on the sorbents were protonated and the
sorbents become positively charged; this may cause steric
hinderance which may be responsible for the less percentage
absorption of Cr** than other metal ions. This is despite the
fact that Cr*" is of lower density than other metal ions in
the study, the densities are Cr’* (7.19), Ni** (8.90), Mn**
(7.42), and pb?* (11.34) [32]. It also depends on the lone
pair of electrons available on the sorbents active sites and
pore size, as pore size is inversely proportional to surface area
[33]. Since absorption/adsorption of pollutants by sorbents
in this study cannot be attributed to any chemical interaction
between the sorbents and chemical pollutants, it can be
merely be attributed to weak physical adhesive forces such
as van der waal, London forces as well as by mere physical
entanglement/occlusion. From this work, excluding minor
variation, it is established that protein sorbents have high
percentage absorption capacity than cellulose but the later
tend to be more abundant and therefore cost effective. In
both, carbonization (activation), small particle size (large
surface area), and longer contact time have overriding effect
on the efficiency of biological waste sorbent in remediating
wastewater; this observation is supported by other works [25,
27]. It is suggested that if three (3) adsorption glass columns
are to be connected in series and the sorbents in each column
is allowed a contact time of 120 mins with the wastewater
before the same water is allowed entering into the next (2nd)
column, and allowed another 120 mins contact time before
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passing into the third (3rd) column for another contact
time of 120 mins, analysis of the wastewater after 360 mins
(6 hrs) contact time may reveal that the wastewater is totally
free of pollutants. It is therefore concluded that protein
wastes (feather and goat hair) and cellulosic wastes (corn cob
and coconut husk) are highly efficient in detoxification of
wastewater.
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Agricultural biomass as an energy resource has several environmental and economical advantages and has potential to substantially
contribute to present days’ fuel demands. Currently, thermochemical processes for agricultural biomass to energy transformation
seem promising and feasible. The relative advantage of thermochemical conversion over others is due to higher productivity and
compatibility with existing infrastructure facilities. However, the majority of these processes are still under development phase and
trying to secure a market share due to various challenges, right from suitable infrastructure, raw material, technical limitations,
government policies, and social acceptance. The knowledge at hand suggests that biomass can become a sustainable and major
contributor to the current energy demands, if research and development are encouraged in the field of thermochemical conversion
for various agricultural biomass types. This paper intends to explore the physical and chemical characteristics of biofuel substitutes

of fossil fuels, potential biomass sources, and process parameters for thermochemical conversion.

1. Introduction

Current energy crisis is a product of tremendous amount of
pressure on world fossil fuel supply and reserve, which is also
implicated with the recent strides of economic developments
of countries such as China and India, among others, which
are net importers of fossil fuels [1]. The surge in fossil
fuel cost (2US$150 per barrel) in the recent past clearly
indicated that biomass-based fuel options could be more
competitive during peak demand periods and a viable mode
at other times. The increasing concern over climate change
is another important factor that has highlighted the environ-
mental benefits (minimal net greenhouse gas emissions) of
the biomass utilization. Most recently, the deep sea crude oil
spewing disaster in April 2010 (BP PLC.-Deepwater Horizon
oil spill; about 207 million gallons within 3 months period)
has undoubtedly confirmed the risks of over exploitation fos-
sil fuel. This incident strengthen the notion of gradual imple-
mentation of safe renewable sources to fuel existing fleet
of fossil fuel powered domestic, commercial, transportation,
and industrial sector. Over the last several decades various

researchers have investigated biomethanation, fermentation,
and thermochemical pathways for the conversion of biomass
to biofuels as energy sources, which is currently getting the
attention that was deserved. In general, the biomass could
be a complex mixture of organic materials such as carbo-
hydrates (hemicellulose, cellulose, and starch), lignin, fats,
and proteins; however, the physiochemical characteristics of
biomass vary in discrete fashion with their source. For exam-
ple, the primary components of the biomass from plant/
crop origins are carbohydrates and lignin which can vary
with plant type. The source of some biomass includes plant/
crop roots, seeds, and seed residue which are rich in starch
and fats. On the other hand, many of the biomass types
are by products/waste of crops, forest residue, construction
and demolition waste, municipal waste, cattle, and human
waste. As it was mentioned above, the utilization of biomass
as liquid biofuels is a necessary alternative to avoid harmful
effects of direct combustion of biomass (as unprocessed/raw
solid fuels) which can led to poor air quality, secondary
pollution, and undesired health impacts [2].



At present, several biomass thermochemical conversion
equipments exist which can transform agricultural biomass
into biofuels/bioenergy [3—6]. Nevertheless, there is a great
challenge for a farm producer to select the best option due
to the infancy of these technologies, intended application
(mainly, wood biomass at large scale) as well as a lack of
a standard protocol/strategy for agricultural biomass man-
agement into bioenergy/biofuels. In brief, a methane digester
could be a very attractive solution for handling cattle
manure; however, in cold climatic conditions, sensitivity of
anaerobic fermentation and secondary waste from digestion
process can be huge setbacks [7, 8]. Similarly, land spreading
of cattle manure as fertilizer is often limited due to excess
nutrient and heavy metals in addition to the agricultural
soil [9]. Fermentation of cellulosic biomass for second
generation ethanol production itself is a great technical
hurdle which requires consistent biomass source, advanced
equipments, distribution/collection network, and highly
skilled labor. Direct combustion has excellent efficiency for
heat utilization but requires advanced technology for the
treatment of exhaust gases and secondary waste (e.g., ash)
[10-12]. Thermochemical transformation of agricultural
biomass is in principle, a highly established technology devel-
oped for petroleum and other chemical products. However,
the complexity of agricultural biomass and factors (such
as moisture, oxygen, sulfur, nitrogen, and metal contents)
makes it a challenging task [10, 13-17].

Biofuels are derived from biomass; however, the con-
version pathways: biological, physical, chemical, or a com-
bination of processes are pivotal to their type and char-
acteristics. For example, biogas, ethanol, and biodiesel can
be produced via microbial/enzymatic fermentations with
or without using physical and chemical pretreatment steps
[18, 19]. On the other hand, conversion of biomass into
bio-oil, biochar, syn-gas, and others requires entirely ther-
mochemical processes, such as torrefaction, carbonization,
thermal liquefaction, pyrolysis, and gasification [20-22]). In
view of present energy crisis, research and developments
in thermochemical processes hold key to a major part of
the practical and sustainable energy solution. Therefore,
this paper shed light on the recent advancements in the
thermochemical production pathways (mainly pyrolysis) for
fossil fuel alternative biofuels such as bio-oil, biochar, and
combustible gaseous mixtures from forest, agriculture, and
municipal residues/wastes. A sustainable farm-practice con-
cept for residue/waste management has also been proposed
to generate biofuels from farm manure waste, thereby, serv-
ing multiple purposes: reducing the net greenhouse gas
emissions, solid waste reduction, carbon sequestration, soil
enrichment, and economic benefits among others.

2. Thermochemical Biofuels

Biofuels have distinct physicochemical characteristics de-
pending upon their source/raw material as well as the applied
transformation process. Some of the commercially available
biofuels are ethanol from corn/cellulosic biomass [23, 24],
biodiesel from soybean, canola, Jatropha, animal fat, waste
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cooking oil, and algae [25], biogas from anaerobic digestion
of animal manure [8], and thermochemical transformation
of various biomass into solid, liquid, and gaseous fuels [20].
With respect to other renewable energy sources, thermo-
chemical biofuels are relatively newer from commercial point
of view; however, they are getting much more attention lately
as these biofuels offer several technical and strategic advan-
tages [26]. For example, the industrial infrastructure to sup-
ply thermochemical transformation equipments for innova-
tive technologies is highly developed. Moreover, the biofuels
can be produced from virtually all sorts of available biomass
in reasonable timeframe without significant modification in
the overall process. On the other hand, despite having certain
benefits, bioconversion using microbes and enzymes lacks
robustness at industrial scale due to complexity and variable
nature of biomass as feedstock both in terms of availability of
quality and quantity. In addition, thermochemical transfor-
mation is virtually independent of environmental conditions
for production purposes. Therefore, it would be imperative
to understand the properties of thermochemical biofuels to
assess their future market potential.

2.1. Bio-Oil. Bio-oil is a term used for liquid fuel product of
biomass pyrolysis. The color varies from light brownish yel-
low to dark brown for various fractions during condensation
phases with pungent-smoky odor and acidic pH. Bio-oils are
complex mixtures of chemical compounds that are obtained
from the decomposition of cellulose, hemicelluloses, lignin
along with other organic entities [35]. The single most
abundant compound in any bio-oil would be water (up to
40% w/w) which is crucial in determining the energetic value
as well as physiochemical properties such as pH, viscosity,
and phase separation. Bio-oils can also contain some fine
solid particles (aerosols). The fuel characteristics of bio-oils
are in principle due to hundreds of organic compounds that
belong to sugars, organic acids, alcohols, aldehydes, ketones,
phenols, esters, ethers, furans, nitrogen and sulfur com-
pounds, and multifunctional compounds [44]. Evidently,
the molecular weights of bio-oil compounds vary from 18
(water) to 5000 or even more for partially degraded pyrolytic
lignins. The average molecular weight for different fractions
of bio-oils can vary in the range of 370-1000 g/mol. For
now, more than 300 organic compounds have been reported
in various bio-oils from different source. Table 2 represents
physicochemical characteristics of bio-oils obtained from
different pyrolysis processes/conditions studied by various
researchers. These properties can vary substantially with
respect to biomass source. In order to facilitate analysis and
quantification of compounds, fractionation chromatography
of bio-oils is used to separate bio-oils into different groups of
chemical compounds [45, 46]. However, complete chemical
characterization of bio-oils is practically not feasible due
to the formation of pyrolytic lignins, which are randomly
broken at different lengths of the polymeric chain [17].
The structural and compositional complexity of lignin could
be assessed by its pyrolysis products such as guaiacol from
coniferous wood and guaiacol and pyrogallol dimethyl ether
from deciduous woods [47]. Despite having a much higher
methoxyl content than wood, lignin results in higher yields
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of charcoal and tar. [21, 29, 33, 48, 49]. It is postulated that
pyrolysis reaction produces the most substituted phenols on
a selective basis. In fact, the syringyl-propan units are linked
to the lignin skeleton to a lesser extend with respect to the
less substituted: guaiacyl-propane and phenyl-propane [50].
Thus, lignin derivatives are major constituents of any bio-oil
and contribute to its complexity and distinct characteristics
for different biomass source.

Bio-oils are the most preferred pyrolysis fuel types for
transportation and storage purposes for obvious reasons
such as compatibility with many existing equipments, pump-
ing, and safety. However, in most cases it may not be suitable
to use it directly and would require refining and further
processing steps similar to fossil crude oil in petroleum
refineries. The aging or stability of bio-oils is also of great
concern as once pyrolysis is over, bio-oils start degrading or
undergo further reactions among different chemical species
albeit at much slower pace [6]. Furthermore, bio-oils from
specific wood biomass are used as starting raw materials for
the production of high value food flavoring agents, likewise,
bio-oils from waste/renewable biomass could be refined by
modified processes by the existing petroleum refineries for
the production of commercial grade fuels and some high-
value chemicals [44].

2.2. Biochar. Biochar is a pyrolysis byproduct along with bio-
oil and flue gases. In recent times, biochar is less preferred
over bio-oil as fuel source due to handling, incompatibility
with transportation sector (automobile engines), storage,
and secondary pollutants issues (higher ash content) [37—
39]. This was also reflected in the literature citation for
the present review, where much more research studies were
aimed at the production of bio-oil than biochar (Tables 1 and
2). Nevertheless, except for incompatibility as biofuels for
transportation sector, biochar has several merits, which make
it an important byproduct of pyrolysis from the economic
feasibility point of view. The usefulness of biochar in
agricultural sector as well as in general has been the focus of
several recent studies [20, 26, 34, 51-54]. Therefore, it is quite
essential to explore the optimal and sustainable utilization
of biochar in order to achieve environmental and economic
goals of pyrolysis process. Gaunt and Lehmann [54], have
reported energy balance and emission reduction potential of
biochar in soil amendment application. The authors carried
out the study based on their previous findings about net
reduction in methane (CHy) and nitrous oxide (N,O) of soil
amended with biochar [55]. The potential applications of
biochar include soil enhancer, bulking agent for composting,
activated carbon, remediation of water and soil, energy, and
carbon sequestration [26, 51, 52, 54]. It is an established
fact that biochar is very stable compared to raw biomass
and has positive effects on overall plant growth. The very
basic physical and chemical characteristics of biochar such
as pH, porosity, affinity for metal adsorption, slow release of
nutrients such as phosphorous and nitrogen, among others
help in improvement of soil quality (Table 3). This can
potentially reduce the requirements of conventional dosage
of fertilizers, thereby, improving the economic output as
well as abate the chances of nutrient runoff, erosion, and

TaBLE 1: Advantages of thermochemical conversion of biomass over
biological/biochemical process.

Thermochemical Biological/biochemical

Involves the use of microbes,
enzymes, and/or chemicals to
utilize the limited range of
biomass

(1) Effectively applied to almost
any biomass feedstock

Productivity is limited due to
biological conversion. Increase
would require higher capital
investment such as bigger
reactor

(2) Relatively higher productivity
(production per unit time) due
to completely chemical nature of
reaction

Normally, limited to one or
few products and would
require additional microbial
culture, enzymes for more
products

(3) Multiple high-value products
possible using fractional
separation of products

(4) Independent of climate
conditions, operates at much
higher temperature range,
therefore, effect of ambient
temperature will be minimal

Mostly susceptible to ambient
temperature, and so forth
such as anaerobic digester,
sunlight for algal ponds

(5) Mostly complete utilization
of the waste/biomass

Production of secondary
wastes such as biomass sludge

greenhouse gas release. The above views and facts are based
on the results of several authors [54, 55] which reported a
reduction of 50-100% of CH4 and N,O as well as increase
in efficiency of fertilizer utilization in soil amended with
biochar. The use of biochar as reducer in metallurgical
industry, particularly in Brazil, has also expanded the poten-
tial market of biochar [33]. Another important advantage
about the biochar application as soil amendment product
is the amount of carbon sequestered. Research studies have
shown the stability of biochar obtained from different
biomass to be between 100-10000 years or even more
[56]. Therefore, the potential of generation of revenue from
carbon emissions trading for biochar production can further
reduce the overall operational costs of a pyrolysis plant
[54]. Our own experience with an experimental pyrolysis
reactor under development has proved that it is relatively
easier to produce biochar at desired yield with respect to
bio-oil. Therefore, the production technology for biochar is
no hurdle, but dissemination of knowledge about practical
utilization of biochar in agriculture and formulation of
regulatory standards of its use and C emissions trading values
remains to be established.

2.3. Noncondensable Pyrolysis Gas. The gaseous fraction of
pyrolysis vapor is, in general, referred to as pyrolysis gas, flue
gas, and noncondensable pyrolysis gas. It is composed of var-
ious gases such as CO,, CO, NOx, SOx, H,S, H,, aldehydes,
ketones, volatile carboxylic acids, and gaseous hydrocarbons.
However, pyrolysis gases can also be composed of volatile
compounds in the absence of efficient condensation system.
The major gas components of pyrolysis are CO, and CO,
which have been reported by several researchers for different
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TaBLE 3: Characteristics of biochar produced by different processes/biomass types.
Biomass Moisture Ash Calorific value  Temperature  Yield
Study source (Wt%) c H N o (Wt%) (MJ/kg) Q) (Wt%)
F;ﬁte“g etal, g itchgrass 378 6071 399 075 87 25.85 19.37 500 12.9
gg}len ety Wheatstraw  — 7110 299 029  25.62 — 28.05* 500 ~35-40
Abdullahand oo ood 4.6 603 53 018 3414 0.70 22* 300 ~56
Wu, [57]
ﬁcgl](goz ety pinseed — 61.63 257 408 3173 — 24.12* 550 ~15-20
Caoand Harris,  Dairy — 252 — 222 — ~55 — 350 ~20-35
[51] manure
Oak wood 3.17 8283 270 031  8.05 2.92 31.03* 400
Mohan etal,  Pine wood 2.69 8347 299 027 825 2.30 31.68* 1727
[59] Oak bark 1.56 7125 263 046 12.99 11.09 25.75* 450
Pine bark 2.31 6825 251 034  10.80 15.75 25.25*
Mullen et al., Corn cobs — 77.60 3.05 0.85 5.11 13.34 30.0* 500 18.9
(37, 38] Corn stover — 5726 286 147 545 32.78 21.0% 17.0
Mulligan et al., Wheat straw 4.6 73.6 2.34 2.58 8.0 13.3 28.1* 500 32
[60] Mallee wood 4.6 78.7 248 118 87 8.9 29.9* 36
Salehietal, []  Mixed — 83.11 369 0.8  13.02 — 30.77* 500 20-27
sawdust
— 5498 276 053 4173 13.81 15.06* 400 —
Usun etal, [39] Oliveoil — 5621 216 032 4131 16.77 14.27* 500 —
residue — 59.01 1.6l — 3938 20.17 15.18* 550 —
— 61.16  1.03 — 3781 21.60 15.36* 700 —
Yangetal, [61] ameil — 7681 146 232 1147 — 600 2857
waste

“High heating value (HHV).

biomass types [62—64]. Pyrolysis gases have relatively lower
average calorific value (an approximate estimation based on
gas composition and concentration data from few studies
in this paper is around 1.3 M]J/kg, [65]), therefore, almost
all pyrolysis processes involve utilization of pyrolysis gases
to contribute to heat the pyrolysis reaction [12, 44]. The
presence of H,O in pyrolysis gas is governed by the cleavage
of aliphatic hydroxyl groups, which is not easily possible to
avoid during pyrolysis, and it also affects the overall fuel
quality of the pyrolysis products [62]. Tihay and Gilard
[62], also detected the possibilities of formation of CO,
via cleavage and reforming of functional groups of carboxyl
(C=0). The production of CO was proposed from the
cleavage of carbonyl groups (C=0) and of the bonds C-O,
C-0-C, and C-C, and the production of CH4 was mainly
caused by the cleavage of methoxyl groups (—-O-CHj3) and
the break of methylene [62]. In general, pyrolysis gas is
not a desired product; nevertheless, it is inevitable during
pyrolysis process. The pyrolysis gas can be used to directly
or indirectly preheat the biomass followed by burning via
burner to generate heat requirements for pyrolysis process.
The burning of pyrolysis gases poses a burden of treatment
of combustion products which cannot be directly introduced
into the environment. The presence of potential pollutant

gases NOx, SOx, H,S, and aerosols in pyrolysis gases depends
upon the biomass source such as animal waste, agricultural
waste, and municipal waste. Nevertheless, there are many
options for the treatment and purification of the pyrolysis
gases such as electrostatic precipitator, NOx scrubbers,
adsorption systems based on activated carbon for volatile
organic compounds, flares, flue gas desulfurization systems
for SOy, and biofilters [66].

3. Feedstock

In Canada only, there are about 6 004 944, and 8 700 000 dry
tonnes/year production of municipal biosolids (organics),
and forest residue (wood) [67]. Canada is also a global figure
in biomass pellets production and exports about 10% of the
10 million tonnes per year of world demand for green energy
market. In addition, cereal straw, corn stover, and flax straw
are significant contributor to agricultural biomass residue
as they occupy more than 85% of 36.4 million hectares
of cropland in Canada [67]. Multiple options for natural
resources for energy such as hydroelectricity, biomass, fossil
fuels, tidal, wind, and solar enable Canada as a net exporter
of energy and energy sources. However, in order to mitigate
greenhouse gases and climate change effects and enhance
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economic output, innovative biomass/waste utilization skills
for energy and valuable products should be universally ap-
plied.

3.1. Agricultural Biomass. The greenhouse gas emissions
coming from the agricultural sector accounted for 8.6%,
which is based upon the use of either fossil fuels or their
products (e.g., fertilizers) in agriculture. The estimated po-
tential of agricultural residues for energy production is over-
whelming, which is 1 and 9 billion barrels, respectively,
for USA and world; nevertheless, a pragmatic utilization
of agricultural residue for bioenergy should be carried out
(68, 69]. In the literature, there are many studies on agri-
cultural residues such as olive seed residue, hazelnut bagasse,
corncobs, tea waste, sugar cane bagasse, and cotton [11, 65,
70]. It is essential to understand that most of the agricultural
residues (such as crop residues) can be transformed to
other valuable products. Even without any transformation,
simple tillage practice of crop practice is very important to
conserve soil physiochemcial and microbial characteristics.
Intense animal farming puts substantial load on animal feed
supply, which is dependent on crop/crop residue production.
Therefore, if a required fraction of the animal waste is not
returned to the cropland, the overall approach could not be
sustainable even in case of biofuels or added value products.
In this regard, production of bio-oil and biochar from
pyrolysis of animal waste or agricultural residue could be
an interesting approach since application of biochar (as soil
enhancer/conditioner) to the cropland has great potential
[51, 52, 54, 56, 57]. Therefore, agricultural biomass has a
good potential for the sustainable production of biofuels and
valuable products via pyrolysis.

3.2. Municipal Waste. Municipal waste can consist of organic
solids of up to 65% or more depending upon urban waste
management practices (e.g., source separation) and socioe-
conomic status. Utilization of the bioorganic part of the
municipal waste as biomass feedstock for pyrolysis can be
a rational approach, if it is integrated to the electricity
generation using heavy oil-based generators. In this case,
the biochar and pyrolysis gas can be entirely utilized to
provide heat requirements for pyrolysis process and the ash
generated could be diverted to manufacture construction
materials. In the literature, there are several reported studies
on municipal solids at different stages (without and after bio-
logical treatments) [32, 71-75]. However, municipal solids
have many conventional and newer treatment methods
(biological, incineration, anaerobic digestion, and landfill)
and are regarded as priority pollutants by municipalities.
Therefore, economic aspects of the disposal and manage-
ment of municipal solids have not been a major concern until
lately. Nowadays, most municipalities are looking forward
for biomass-to-energy conversion technologies in order to
improve their treatment efficiency, reduce greenhouse gases
emission and economic viability. In the present scenario,
pyrolysis technologies of municipal solids to energy products
could be a feasible option. However, the mass scale initiatives
are taken based on local conditions of quality and quantity of

municipal solids, existing electricity cost, conventional meth-
ods of disposal of secondary wastes (landfill or composting).

3.3. Forest Residue. The initiatives of application of pyrolysis
technologies to biomass were mainly taken for forestry
residue and sawdust from timber industry. Therefore, nearly
all existing demo- or commercial scale biomass pyrolysis
plants are designed for wood residues (Dynamotive Corp.,
Ensyn Inc., BTG-BTL Inc., RTI Inc., and many others).
The most appealing features of forest residue for pyrolysis
process are the sustainable supply network on large scale
basis, and suitability of the feedstock (lower moisture, ash,
metals, nitrogen, and sulfur contents). Forest residue could
be a reliable and sustainable biomass feedstock for pyrolysis
plants in forest biomass countries like Canada, USA, and
others with developed forest industry sector. However, in
order to compete with fossil fuels the forest residue based on
pyrolysis plants should be strategically placed to minimize
cost of forest residue transportation. Analogous to fossil
fuels, many mid to small scale pyrolysis units can be placed
near to forest region as in the case of land-based or off-
shore oil rigs. The bio-oils produced by these multiple
units can then be converged to a commercial scale bio-oil
refinery for value addition or electricity generation plant
depending upon the economics, similar to transportation of
fossil fuels to petroleum refineries. In fact, some of the large
scale pyrolysis plants in Europe are under experimental or
demonstration phase for the evaluation of this apparently
promising approach [12].

4. Thermochemical Processes

4.1. Fast/Flash Pyrolysis. In recent times, pyrolysis process is
getting unprecedented attention from forestry, municipali-
ties, and agricultural sector due to its potential for conversion
of virtually all types of biomass into commercially viable
biofuels and valuable chemical feedstocks for industrial
sector. The concept of pyrolysis is not a novel approach as
such, which is already in use for the production of several
valuable chemical feedstocks. Nevertheless, it is a relatively
recent process for the production of liquid fuels and elec-
tricity. However, in principle, any type of high temperature
heating of organic matter in the absence or substantial
deficiency of oxygen can be defined as some type of pyrolysis
process. The term “biomass pyrolysis” is normally associated
with the processes involving bio-oils and chemical feedstock
production. The terms, torrefaction/carbonization, thermal
liquefaction, and gasification can be separately used based
upon operational parameters and intended applications.
These processes are also mentioned briefly to provide an
overview (Figure 1).

The term fast/flash pyrolysis is used for pyrolysis pro-
cesses with very short residence time of intense thermal
treatment, usually, it lasts from 0.5-3 s at 400-600°C [17].
The shorter time of heat exposure of the organic matter (e.g.,
biomass) in fast/flash pyrolysis process results in increased
significance of heat and mass transfer, and phase transition
along with chemical reaction kinetics [12]. Long residence
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FIGURE 1: Biomass thermochemical conversion pathways.

times (few minutes to hours) and lower temperature range
(200-350°C) favor charcoal formation. In principle, flu-
idized bed reactors use smaller particle size and high temper-
ature to achieve very fast heat transfer, thereby, minimizing
char formation. Interestingly, the low thermal conductivity
of biomass particles is very well exploited in ablative reactors
where biomass pellets are pressed against heated surface,
forming pyrolysis vapor as well as exposing unaffected inner
surface. Some of the prerequisites for fast pyrolysis are dry
biomass (<10% moisture), small particle size (<3 mm),
short residence times, moderate-to-high temperatures, and
rapid quenching of pyrolyzed vapor. The lack of predictive
kinetic constants for fast pyrolysis is due to its unsteady state
nature as the biomass complexity requires multistage ther-
mal decomposition with production of substantial quantities
of highly unstable compounds (at process temperatures). All
these factors have great impact on the design of a fast pyrol-
ysis system which should rapidly heat biomass to desired
temperature as well as quickly quench down the products.

4.2. Thermal Liquefaction. Thermal liquefaction can often
be confused with pyrolysis in simplified comparisons [47].
The two processes differ in operating parameters, require-
ment of catalyst, and final products. Liquefaction produces
mainly liquid and some amounts of gaseous components
at temperature and pressure ranges of 250-350°C and 700—
3000 psi, respectively, in the presence of alkali metal salts

as catalyst. The liquefaction may also require supplemental
CO and H, as reactants to facilitate the overall process. The
mechanisms of liquefaction reactions lack sufficient descrip-
tion about role of catalysts. In the past, some researchers
have proposed possible mechanisms for Na, CO; and K,CO3
for biomass liquefaction [76-78]. The catalysts hydrolyse
the cellulose, hemicelluloses, and lignin macromolecules into
smaller micellar-like fragments, which are further degraded
to smaller compounds via dehydration, dehydrogenation,
deoxygenation, and decarboxylation reactions. In compari-
son to torrefaction/carbonization, thermal liquefaction can
provide liquid fuels in line with petroleum products along
with several high value chemicals; however, recent trends
in biomass thermochemical conversion, liquefaction, could
not be successful at commercial scale. The possible factors
that limit the liquefaction commercialization could be the
lower overall yield of oil (between 20-55% w/w) compared
to contemporary options like pyrolysis (discussed later),
inferior oil quality (heavy tar like liquid), stricter operational
parameters (higher reaction temperature and pressure), and
requirements of catalysts and/or other reactants (CO, pro-
panol, butanol, and glycerine).

4.3. Carbonization and Torrefaction. Carbonization and tor-
refaction are closely related processes (Figure 2). The former
is mainly intended for biochar production, whereas, the latter
is a thermal treatment to convert biomass into more efficient
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form of energy source with less moisture and high fixed
carbon, production of chemical feedstocks and to reduce the
associated transportation costs.

For carbonization, the biomass is thermochemically
treated in the temperature range between 200 to 315°C in
the absence of oxygen [79]. Carbonization is accomplished
by complete conversion of biomass into biochar. Thus,
the product gains much higher energy density than the
raw biomass, which lowers the transportation cost of the
carbonized biomass.

In the case of torrefaction, there is partial decomposition
of the biomass (especially the hemicellulose), giving off var-
ious types of volatiles resulting in brittle, dried and more
volatile free solid product.

Moreover, carbonized/torrefied biomass has favorable
characteristics such as, hydrophobic nature, similar or closely
related properties as coal, easy to crush, grind or pulverize.
The end-products comprise condensable gases such as
water vapor, formic acid, acetic acid, furfural, methanol,
lactic acid, phenol, and other oxygenates. Noncondensable
gases such as carbon dioxide, carbon monoxide and small
amounts of hydrogen and methane are also obtained. Thus,
carbonization and torrefaction processes are used for the
conversion of biomass into more efficient forms of energy
source and to reduce the associated transportation costs.
Nevertheless, it is not in competition with petroleum fuels
in transport sector.

4.4. Gasification. Biomass gasification has also received
much attention in recent times [2, 7, 10, 12, 20, 24, 71, 80—
83]. The biomass is converted to simplified products, CO
and Hj, in the optimized concentrations of oxygen and
H,0O (steam reforming) at temperatures >800°C which is
completely distinct from gasification via anaerobic digestion.
The final products are syngas (CO and H, mixture), CO,
NOy, SOy, and ash/metal slag (quantity will depend upon

the type of the waste: municipal, agricultural, or wood
biomass). Syngas has multiple applications such as fuel cells,
synthetic fuel, and chemical feedstocks. Thus, technically
gasification is an excellent method of extracting bioenergy
free from N, P, S, Cl and metals contamination from diverse
biomass types without further treatment/upgrading. Many
biomass gasification processes are under development or
at trial stage for biofuels and electricity generation, and
waste disposal such as Enerkem, Thermoselect, GE Energy-
Nexterra, Choren, among many others. However, positive
electricity efficiency, biomass drying and grinding, oxygen
input, reactor cleaning and maintenance, and economic
feasibility are some major challenges for biomass gasification
which are at research, pilot and demo scales.

5. Fast/Flash Pyrolysis Reactors

There are several types of fast/flash pyrolysis reactors both
at developmental and commercial scale [12, 17, 44, 84, 85].
Different reactor configurations were inspired by the require-
ments such as the high heat transfer rates, separation of solids
and gas phase, rapid condensation, and energy autonomy
(Table 4). In the past, there are some excellent reviews about
various pyrolysis reactors [12, 44]. Nevertheless, the highly
dynamic research environment of biomass fast pyrolysis
required timely update about developments in fast pyrolysis
reactors. In this paper, major fast pyrolysis reactors are dis-
cussed in the following with their most recent information.

5.1. Fixed Bed. Fixed bed fast pyrolysis of biomass has been
mentioned by many researchers [5, 6, 28, 57, 58, 80, 86—
88]. However, in most of the cases the quantity of biomass
taken for pyrolysis was in the range of few grams (g) and
were aimed at analytical and laboratory scale investigation.
A schematic diagram of a fixed bed reactor is shown in
Figure 2. Schroder [88], used 2kg of biomass of ~10 mm
particle size and examined the validity of the fixed bed
model. The author explained the importance of studying the
chemical kinetics using larger particle size in comparison to
common TGA analysis, where small sample of fine particles is
used, therefore, the effect of transport phenomena becomes
insignificant. Acikgoz et al. [58], investigated the pyrolysis
of linseed seed samples in a well-swept resistively heated
fixed bed tubular reactor (0.8cm id., and 90cm long),
consisting of steel wool as fixed bed and constructed from
310 stainless steel. The pyrolysis operation was conducted
by putting 2 g of air-dried sample of average particle size
between 0.6-1.8 mm onto the fixed bed. A sweep gas velocity
of 100 mLmin~! was maintained with heating rate that
was kept as high as 300°C min~!. Although the bio-oil
yields were comparable to prior literature, no possible future
scale-up of the reactor was mentioned. Likewise, fixed bed
pyrolysis reactors have been used for evaluation of operating
parameters such as temperature, heating rate, particle size,
and cooling methods for different types of biomass, but no
practical or commercial applications have been developed
to the best of our knowledge. The possible reasons for
lack of commercial scale fixed bed pyrolysis reactors could
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TasLE 4: Comparison of various biomass pyrolysis reactors based on overall performance and efficiency.
. Bio-oil yield Operational N Biomass Inert gas
Pyrolyzer Status (units) (Wtd%) complexity Particle size variability Scale-up fAlow rate
. Pilot (single), . .
Fixed bed lab (multiple) 75 Medium Large High Hard Low
Fluidized bed Demo (multlple), 75 Medium Small Low Easy High
lab (multiple)
Recirculating  Pilot (multiple), . . .
bed lab (multiple) 75 High Medium Low Hard High
ggsglng Demo (single) 70 Medium Medium High Medium Low
. Pilot (single), . .
Ablative lab (multiple) 75 High Large High Hard Low
Screw/auger  Pilot (multiple), . .
reactor Jab (multiple) 70 Low Medium High Easy Low
Pilot (single), . .
Vacuum Jab (few) 60 High Large Medium Hard Low
be maintenance problems such as clogging of reactor bed Vapor,

with char and tar compounds, and increased resistance for
sweeping gas flow, which could be easily resolved in the other
reactor types mentioned in the following.

5.2. Fluidized Bed. Fluidized bed pyrolysis reactors are the
most documented and commercially available reactor types
amongst all pyrolyzers [29, 31, 32, 37, 38, 43, 89, 90]. More
precisely, these are also known as bubbling fluidized bed
reactors, where a hydrodynamically stable bed of smaller size
biomass particles (0.5-2 mm) is maintained using an inert
fluidizing gas such as nitrogen (Figure 3). In order to provide
better heat transfer, entrapment of char particles, and
temperature control, sand/carrier material is also entrained
along with fluidizing gas to increase attrition/abrasion of
biomass particles. The lack of mechanical parts allows easy
scale up and maintenance, but fluidizing high volumes of
biomass and carriers (e.g., sand) requires relatively higher
energy and considerable part of capital investment in gas
blowers. Fluidized bed reactor concept is well understood;
therefore, it was possible to design and develop pyrolyzers
at pilot and commercial scale as many crucial heat and mass
transfer models during particle fluidization from prior stud-
ies were available. The fluidized bed reactor design enables
minimizing catalytic cracking of pyrolysis vapor by char via
quick separation of char particles using cyclones. Several
fluidized bed pyrolyzers are operating at high quality bio-
oil yields around 70-75% w/w with trouble-free operation
and minimal maintenance [44] while, many other types
of pyrolyzers have many operational as well as product
quality challenges (discussed later). Therefore, the relatively
higher energy requirements and considerable part of capital
investment in gas blowers are easily disregarded by the
investors. Furthermore, fluidized bed pyrolyzers have some
established technologies in the market, such as RTP (Ensyn
Inc.), and RTI (Dynamotive Corp.) along with many small
scale reactors. However, increasing competition from other
biofuels, and fossil crude oil, other potential concepts for fast

gas, char, and

aerosol
Biomass
feed ~
Fluidized Heated
zone

Fluidizing gas,
distributor

' Fluidizing
gas

FIGURE 3: Generalized diagram for fluidized bed reactors for bio-
mass pyrolysis.

pyrolysis involving lesser energy requirement and ability to
use waste biomass are also getting increased attention.

5.3. Recirculating Fluidized Bed. Recirculating fluidized bed
reactors are also referred as circulating fluidized bed or
transport bed reactors which are more complex version
of bubbling fluidized bed reactors (Figure 4). Similar to
bubbling fluidized bed, this pyrolyzer type is also well
understood and substantial literature data is available on its
operation including biomass pyrolysis [31, 32, 37, 89]. In
contrast to bubbling fluidized bed reactors, these pyrolyzers
have lower heat transfer but better char attrition due to
higher gas velocities via recirculation/reflux. The bio-oil
yield of recirculating bed reactors is also similar to fluidized
bed reactors but reheating of sand/carrier particles requires
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FIGURE 4: Schematic of recirculating fluidized bed pyrolyzer.

combustion of entrapped char which may lead to ash build
up in the circulating bed. The major advantages of this
reactor type are energetically self-sustainable pyrolysis which
is easy, and high throughput volumes of biomass are possible
due to high gas velocities. On the other hand, ash buildup
can cause catalytic cracking of pyrolysis vapor and lead to
some decrease in volatile matter in bio-oil, and very high gas
velocities require even higher energy requirements for gas
blowers. The operation and maintenance of this pyrolyzer
type is robust, hence, process energy input concerns are
overlooked in most of the cases as it is quite rare to find
literature on energy input on such reactors.

5.4. Rotating Cone. Rotating cone pyrolyzer was developed
at University of Twente, The Netherlands. This technology
was the basis for the BTG-BTL process for the pyrolysis
of various biomass types. The advantage of this technol-
ogy is the absence of inert/carrier gas, thereby, relatively
smaller energy requirement. In a rotating cone pyrolyzer,
biomass is poured on a high-speed rotating cone along
with hot sand in the absence of oxygen (Figure5). The
high speed rotation causes vigorous mixing of biomass and
sand particles which in turn lead to fast heat transfer and
biomass surface abrasion due to high speed heated sand
particles [17, 91]. Thus, fast pyrolysis conditions are achieved
with combined efforts of mechanical and fluid mixing. The
energy requirements are met by char combustion and the
process can be autonomous in terms of energy input for
heating the pyrolyzer. Depending upon the biomass source,
up to 75% w/w of bio-oil yield has been achieved with an
estimated cost of 5€/G] which was comparable to diesel
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F1GURE 5: Rotating cone reactor.

fuel cost of up to 6.64€/GJ (http://www.btgworld.com/en).
This process has many upbeat features as mentioned by
the company website. However, due to complete utilization
of char for process heating, it may not be suitable for
agricultural applications, where char (for CO, sequestration
and soil enhancement) could have much higher added-value
compared to bio-oil only orientation. Furthermore, high
speed rotating cone (~600rpm) may require considerable
attention for operation and mechanical wear.

5.5. Ablative. Ablative pyrolysis reactors are being researched
since 1980s; however, ablative pyrolysis is still under pilot
scale studies due to its operational and scale up complexities
[85, 92-96]. The ablative pyrolyzer requires simultaneous
heating and surface renewal of the biomass feedstock via
mechanical (rotating hot disc) or fluid dynamics (inert
gas flow in wire mesh) (Figure 6). Mohan et al. [44] have
correlated ablative pyrolysis to enhanced melting of a butter
cube while pressing against a hot surface. It is said that
the pyrolysis vapor and liquid produced during ablative
pyrolysis can provide lubrication to the moving surface
against which biomass is pressed; however, if the pyrolysis
liquid stays longer on the rotating hot surface, it may
undergo further undesired reactions. In order to avoid such
reactions, fast removal of the pyrolysis vapor and liquids
from the pyrolysis zone could nullify such lubrication effects.
Ablative pyrolyzers could be based on direct contact [85,
94, 96, 97] or radiation ablation [92, 95]. The experimental
reactors like wire-mesh reactor are more close to ablative
reactor; nevertheless, the practical applicability seems to be
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FIGURE 6: Ablative biomass pyrolysis reactor concept.

far from viable [92, 95]. On the other hand, direct contact
ablative reactors appear to be practical but experiences
with recent designs have been different from intuition. For
example, in order to achieve flexibility in biomass types, extra
biomass pretreatments are needed such as pelletization for
fibrous biomass. High speed rotation of heated surface and
sliding friction due to the intense pressure applied to the
biomass pose great challenges to the scale up and operational
simplicity.

5.6. Auger. Auger or screw pyrolyzer variants is getting in-
creasing attention from many small and mid-size indus-
tries (Biogreen, [98] http://www.biogreen-energy.com/bio-
green.html; EnerSysNet LLC, personal communication). The
concept of solids handling using auger is integrated to almost
all industries due to energy, space requirements, and related
efficiencies. Interestingly, all other types of pyrolysis systems
require auger unit to transport biomass at some point of
process (feeding to the reaction chamber, char removal).
However, application of auger concept to biomass pyrolysis
is relatively recent. In fact, no pilot scale auger pyrolyzer was
mentioned in the literature until early 2000s [12]. In this type
of pyrolyzer, auger is used to transport the biomass through a
heated (pyrolysis) zone (Figure 7). The biomass temperature
is raised to the desired pyrolysis temperature during the
transport through the heated zone by manipulating the auger
rotation speed, diameter, flight-pitch, biomass particle size,
and heating modes. The auger design provides a good control
of biomass residence time inside the heated zone with mini-
mal energy requirement. An apparent disadvantage could be
moving parts and mechanical wear and tear; however, careful
design (slow rotation) and developments in material science
and machining (precision for tolerance and minimal contact
between moving parts) can easily overcome this challenge.
Auger pyrolyzers have major strengths in design compactness
and simplicity, little or no carrier gas requirement, easy sep-
aration of bio-oil and char, and lower energy requirements.
The simple operation of auger pyrolyzer is also an advantage
from a farm scale utilization/application point of view. The
recent surge in interest of small and mid-size industries
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FIGURE 7: Vacuum pyrolysis reactor.

(including spinoffs from university research) is driven by
the above-mentioned facts (BIOGREEN, EnerSysNet LLC,
ROI'LLC, Mississippi State University, lowa State University).
There are also several patents on auger reactor concept
for the treatment of tire waste, municipal waste, and coal
processing which justify the importance of auger design in
the pyrolysis of biomass solids [99-107]. All of these pyrolysis
systems work on the same principle, that is, pyrolysis
reaction during transportation via auger/screw mechanism
inside a heated zone, nevertheless, operating parameters
(temperature, feedstock type, feedstock flow rates, particle
size, use of sweeping gas, carrier material (sand/steel shots),
direct or indirect heating among others), and pyrolysis
system configurations vary greatly from one another. This
also holds true for biomass pyrolysis systems.

5.7. Vacuum. The potential of vacuum pyrolysis for biomass
as well as carbonaceous wastes has also shown some fruitful
results after the pilot scale experiments [33, 108]. Vacuum
pyrolysis does pose challenges such as lower heat- and mass-
transfer, larger equipment size, and high capital investments
which were required [109]. Also, maintaining fast pyrolysis
conditions inside a vacuum pyrolyzer requires specials inlet
and outlet design for feed material and pyrolysis products
(Figure 8). Furthermore, continuous operation of vacuum
pyrolyzer requires special feedstock input mechanism. These
are huge discouragement to the potential investors and
eventual commercialization. On the other hand, vacuum
pyrolysis offers very good control over vapor residence
time; therefore, it minimizes the secondary decomposition
reactions of bio-oil. The rapid volatilization due to reduced
pressure also enables in decreasing the pyrolysis temperature
and a possible decrease in heat input. In the literature, vac-
uum pyrolysis has been depicted as able to utilize larger size
biomass. It may be advisable to add up the advantage of vac-
uum or low intensity vacuum conditions inside other possi-
ble reactor configurations such as auger or ablative reactors
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FIGURE 8: Auger/screw pyrolysis reactor concept using heat carrier.

to manipulate vapor residence time, pyrolysis temperature
while also having better heat- and mass-transfer conditions.

6. Farm-Practice Concept for Residue/Waste
Management via Pyrolysis

Farm residues/wastes can consist of up to 90% or more of
organics/biomass [3]. This creates various opportunities to
recover useful products via innovative management skills
but also poses technical and economic challenges. Biological
treatment of farm wastes is becoming increasingly chal-
lenging due to stricter regulations (limit to land spreading
of biosolids due to metals and other nutrients) [9] as
well as economic feasibility (increasing energy and utility
cost). Anaerobic digestion provides energetic benefits to the
agricultural producer; however, it is susceptible to various
factors such as climate (low temperature), limited types
and variations in waste composition, availability of land,
among many. Most of the conventional farm waste disposal
or transformation strategies falter either at technical or
economic front. For example, composting of farm waste has
many challenges such as control of odor, nutrient leaching,
maturity, and net energy input [110, 111]. Pyrolysis of
organic materials can have a potential of technical and can
contribute to economic transformation of farm wastes into
energy and valuable products, and sequestration of carbon.
An overview of farm-scale application of pyrolysis for residue
biomass management, transformation, and minerals and
nutrient recycle is shown in Figure 9. Plants use CO, and
sunlight to grow via photosynthesis as a natural process. The
plant harvest could be diverted to food, valuable commodity,
and animal feed. The animal farming requires animal feed
(e.g., about 6 to 7 times plant biomass per unit mass of
animal meat) and generates significant amounts of manure
as farm wastes [112]. The animal manure could be separated
via chemical or mechanical process into >60% w/w solids
and a liquid stream. The liquid stream could be further
treated via biological process for removal of pathogens and
toxic compounds and returned back to the soil, thereby, pre-
serving water and soil minerals and nutrients (N and P). The
biomass generated by the liquid treatment process and the
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solids from the manure separation unit could be transferred
to a drying unit. The drying unit should utilize energy from
the combustion of the pyrolysis gases and should be able to
reduce moisture to <10% w/w. The pyrolysis unit could be
operated by external energy source or could also utilize a
portion of pyrolysis products (e.g., biochar and flue gases) to
meet energy requirements. The bio-oil thus produced could
either be used for heating and electricity generation for farm,
or be sold to a bio-oil refinery network for purification and
value addition. The biochar can be returned back to the
soil to replenish minerals and nutrients as well as enhance
physicochemical characteristics of soil such as pH, porosity,
and density. Biochar has also been found to adsorb heavy
metals and slow release of N, P, and other nutrients. This will
help in enhancing the efficiency of fertilizers [56, 57, 113].
In addition, biochar has high self-life (100 to 1000 years),
thus a significant portion of CO, from the atmosphere
will be sequestered in soil with every crop cycle. This
solution should be able to contain a significant part of the
present GHGs emissions (agriculture sector contribute to
about 8%) for a long term until a more comprehensive
strategy is in place. In order to validate this scheme, life
cycle analysis and technoeconomic study are currently being
performed on the application of pyrolytic transformation
of farm wastes (e.g., animal manure, plant residues) in our
researches facility. In the past, there are only a few researches
on pyrolytic conversion of farm wastes to bio-oil, biochar,
and combustible gases [7]. However, the incumbent com-
bined adverse effects of global warming/climate change, fossil
fuel crisis, and risks to the environment have propelled the
interests of governments and commercial sectors across the
world towards the transformation of biomass residues and
wastes into energy, carbon sequestration, and other valuable
products. Many countries and conglomerates of countries
have either initiated or at least planned subsidies and aid
for biomass to energy concept. In most cases, the large scale
commercial ventures are based on forest biomass/residue
which may be suitable for long-term or sustainable devel-
opment if they are well managed. At present, disposal and
management of farm residue/wastes are major problems and
should be actively considered as another important biomass
source. As farm waste generation is related to the population
consumption of farm goods which is growing rapidly, the
transformation of farm wastes to energy, carbon sequestra-
tion, and valuable products could help in minimizing the net
GHGs by decreasing the net use of fossil fuels.

7. Conclusions

The present study briefly reviewed various available tech-
nologies for thermochemical conversion of biomass to
biofuels alternatives to fossil fuels and focused on biomass
pyrolysis. Thermochemical processes have advantage over
“biological only” processes where lingocellulosic biomass
needs various pretreatment steps, time, and investments. At
present, thermochemical processes such as gasification and
combustion have a foothold at commercial scale for heat
and electricity, mainly due apparent simple working prin-
ciple and lack of research about their effect on sustainable
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development. However, in the recent years many studies
have suggested biomass pyrolysis to be more favorable to the
sustainable development in comparison to combustion and
gasification. Biomass pyrolysis generates bio-oil, and biochar,
which can have miscellaneous utilization such as energy,
chemical feedstocks for industries, liquid fuels, carbon
sequestration, bioremediation, and soil enhancement. On
the other hand, gasification and combustion have limited
uses to heating and energy. The established pyrolysis tech-
nologies at demonstration and commercial scale are fluidized
bed variants and rotating cone types. Auger reactors for
biomass pyrolysis are currently under laboratory, pilot, and
demonstration stages and show good potential for mobile
and farm scale uses due to simplicity of design and operation
features. Ablative reactors need more research at laboratory
scale and probably developments in material science to
be successful at higher scale. The initial attempts with
vacuum pyrolysis were successful despite challenges of lower
heat and mass transfer, vacuum sealing requirements, and
other operating and investment factors. Currently, vacuum
pyrolysis can be considered to be a potential technology for
commercialization. The physicochemical characteristics of
bio-oil and biochar produced from pyrolysis are dependent
on the biomass; however, the yields are related to pyrolysis
reactor types and process used. A simplified farm-practice
concept for waste management is depicted using biomass
pyrolysis. This approach will produce bio-oil and biochar
where bio-oil can be used for heating and electricity
generation purposes and biochar can be applied for soil
enhancement. Thus, a substantial portion of minerals and
nutrients can be recycled back to the soil. Moreover, bio-
oil will add to farm economy, and the overall process
will be free of net energy requirement. However, these
initiatives of biomass pyrolysis for sustainable development

will require subsidies and technology transfer for a successful
venture.
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A method to obtain rapidly stabilized composts for crops from solid organic wastes is evaluated. Here we used a laboratory scale
reaction chamber where solid waste treatment was performed under strictly controlled temperature and pressure conditions. The
row organic waste was mixed with acid solutions containing iron (II) ions either in the fully hydrated form or in the form of
complexes with the diethylentriaminopentaacetic acid. Data from elemental analysis distribution and GC/MS analysis of the polar
and non polar dissolved organic matter, clearly showed that Fe(II) ions significantly enhance organic substrate oxidation of the
initial solid waste, compared to a material obtained without the addition of the Fe(II) ions to the raw organic matrix. These
results suggest that Fe(II) ions might be involved in a catalytic oxidation pathway that would be activated under the experimental
conditions used. The extent of the oxidation process was evaluated by the value of the C/N ratio and, qualitatively, by the molecular
composition of the dissolved organic matter. After about 6 hours of incubation, dark-brown and dry organic matrices were
obtained with C/N ratio as low as 12 and a high degree of oxidative decomposition into low-molecular-weight compounds at

high oxidation state.

1. Introduction

Solid organic waste managing, treatment, and disposal is one
of the most important worldwide environmental problems.
Among the various options (minimization, recycling, sani-
tary landfilling, incineration, and composting) composting
is one of the most interesting and economically feasible. This
is especially true because the produced compost can be used
for soil amendment or fertilizer when the organic waste does
not contain pollutants such as heavy metals. The composting
process is defined as “the biological decomposition of
biodegradable solid waste under controlled predominantly
aerobic conditions to a state that is sufficiently stable for
nuisance-free storage and handling and is satisfactorily
matured for safe use in agriculture” [1]. In this process, the
raw organic material is progressively broken down by a suc-
cession of populations of living organism at different stages
of the decomposition process (mesophilic, thermophilic,

and maturation stages) [2]. Micro- and macroflora are key
process factors controlling the composting process. Other
key factors are temperature, pH, moisture content, and
aeration as well as the chemical and physical availability of
the nutrients in the organic waste, respectively, determined
by the molecules vulnerability to microbes attack and by the
particle size.

The most limiting problem affecting the full exploitation
of this technology is its intrinsic slowness related to the
natural biodegradation process that takes more than 3
months to go through. In addition, another disadvantage
is due to the foul odor produced, particularly during the
mesophilic stage of the process. Recently, several processes
were advanced in order to overcome the above limits.
Common feature of some of them is to dry the organic
waste after a first sterilization stage made either by a boil-
ripening treatment of the organic waste at high pressure (15—
25atm) and temperature (150-250°C) [3] or by addition of



lime so as to increase the pH to values under which aerobic
fermentation is inhibited [4]. The drying process stabilizes
the organic material but, in the absence of a fermentation
stage, most of the organic material cannot be broken down to
small molecules and, therefore, the compost cannot be stored
for long periods of time under nonsterile conditions. This is
partly overcome by a more complicated two-stage process:
(1) fermentation and (2) drying [5, 6]. The fermentation
stage was shown to be improved by addition of strong
oxidizing agents such as metal alkali peroxides and chlorates
whose reduced products are retained in the final compost [6].

The aim of the present work is to evaluate the catalytic
performances of iron (II)-based catalysts in the composting
process of solid organic wastes. Ferrous ions, when mixed
with hydrogen peroxide, form a very effective oxidizing agent
known as Fenton reagent [7-9]. It has been extensively
used as a method for the oxidation of organic pollutants
of different molecular origin in industrial wastewater [9—
20]. Even though the mechanism of the Fenton reaction
has not yet been fully clarified, two main mechanisms have
been advanced [8, 21-23]: a radical one, involving the
hydroxyl radical as reactive oxygen species, and a nonradical
one, involving the formation of an intermediated iron (IV)
complex. The hypothesis undergoing the present project is
that an iron (II) overload into the organic material may
activate Fenton chemistry or Fenton-like chemistry reactions
in combination with endogenous hydrogen peroxide always
produced in aerobic conditions by microorganisms [21]
responsible for the early stages of the biodegradation process.

2. Materials and Methods

2.1. Organic Solid Waste and Treatment. Raw organic mate-
rial (OM) was derived from restaurant refuses containing
pasta, pizza, fruit (pineapple, apple, and melon), potatoes,
vegetables, and eggs. OM was minced with a rotating blade
mill provided with a 10 mm sieve and introduced into the
reaction chamber where temperature and pressure were
under control. The chamber was a 25-liter steel cylinder
provided with an axial blade stirrer. A pressure gradient of
about 0.01 bars was kept between the cylinder extremities in
order to allow a constant air circulation. The temperature of
the chamber could be regulated by an external strip resistor.
The ferrous ion-based catalysts were added to the organic
waste and the reaction mixture was continuously stirred.
Experiments have been performed on 12 Kg of solid waste
having the same initial composition. In some experiments,
1 kg of soil containing inert inorganic material (IM) made of
oxides of Ca, Al, Fe, and Si and several other microelements
present in traces (~1 ppb) such as Cu**, Zn**, Co™, Mn™*,
Pb**, and Sr**, was mixed with OM. In order to dry and
stabilize the organic mass, the mixture was heated at 55°C
under an air constant flow rate of 20 liters/s, ensuring its
slow drying. The initial moisture content was about 72%,
and, after 6 hours of treatment, a final moisture content
of about 15% was obtained. The stability of the composts
produced by the above procedure was evaluated by means of
their odor and color properties and by their C/N ratio [24].
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These properties were monitored for a period of up to six
months on composts stored in a dry environment.

In addition, compost stability was qualitatively estimated
by the degree of the oxidative decomposition process evalu-
ated by GC/MS analysis of the polar and nonpolar dissolved
organic matter (see below).

2.2. Catalyst. Two different solutions of iron (II) catalyst
were studied: a 15% (w/w) solution of FeSOy, acidified at pH
3.8 with sulfuric acid (solution A) and a 6% (w/w) solution
of the Fe(II)-diethylenetriaminepentaacetic acid complexes
(Fe(IT)-DTPA) at pH 5 (solution B) [25].

2.3. Elemental Analysis: Determination of Total Organic
Carbon (TOC) by the Official Method UNI EN 13137 : 2002.
TOC was determined by high temperature combustion of
the sample (T = 900°C), after a digestion process, in a
SHIMADZU instrument model SM 5000 A. This equipment
can analyze liquid sample too, but not water solutions.

Determination of S and Cl percentages was performed
by the following procedure: the sample was oxidized by
combustion into a bomb containing oxygen under pressure,
according to the method EPA 5050 1994 (preparation) + EPA
9056A 2007 (analysis). After complete sample digestion, the
% Cl and % S were estimated by analyzing water produced
using the ion chromatography method. The instrument used
was a LECO AC500 Mahler bomb calorimeter. It completely
burns the sample in a total oxidative digestion process.

The remaining elements (O, H, N) were determined by
combustion with the elemental analyzer THERMO ELEC-
TRON NC Soil Flash EA1112, according to the method UNI
EN 15407:2006. This instrument is a two-furnace system:
an oxidative and a reductive one. Analytes (in gaseous state)
are determined by passing each one in a thermoconductivity
detector (TCD) and by the conductivity difference between
a reference carrier gas and the sample gas; it is possible to
evaluate the concentration of C, H, and N in terms of their
percentage.

2.4. GC/MS Analysis. From a representative amount of
OM (~20g) the polar and nonpolar soluble fractions were
extracted, respectively, in methanol and n-hexane. Extrac-
tion was performed by an ASE 100 DIONEX automatic
extractor at 100°C under nitrogen atmosphere at high
pressure. 1 microliter of the dissolved organic matter was
injected, without purification, into the GC/MS system for
analysis. In order to increase the sensitivity of the analysis
and to detect a larger number of degradation products,
the dissolved organic matter was concentrated to 1/3 of
the original volume and 1 microliter used for GC/MS
characterization. All analyses were performed with a GC
VARIAN model 3800 coupled with a triple quadrupole mass
detector VARIAN model 320-MS TQ. The column used was
a VARIAN model “Factor Four” VF-5ms capillary column;
30m; 0.25 mm; 0.25 ym.

Mass spectra were collected as raw data by EI mode
(electron impact) with collision energy of 70 eV. All peaks
were identified by comparison with a NIST certified library
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TaBLE 1: Elemental percentages (organic mass) of the composts under different biodegradation conditions.

Compost Commercial compost
Elemental % OM Cl C2 C3 C4 C5
C (TOC) 58.86 50.35 47.29 46.52 39.01 52.0
H 7.10 5.99 6.09 6.35 5.02 5.5
N 4.50 2.60 2.53 2.67 3.20 2.5
O 28.42 38.5 44.55 43.37 52.20 38.8
Cl 0.88 0.89 0.65 0.89 0.87 1.0
S 0.24 1.61 0.25 0.20 0.18 0.2
C/N 31 19 19 17 12 21
OM (Kg) 12 12 12 12
Fe(II) solution type / A A B /
Fe(II) solution (g) / 250 250 250
IM (Kg) 1 1 / /

*Cl1-5: compost 1-5.

of mass spectra (acquired at 70eV) as the most probable
component in the mixture.

2.4.1. Acquisition Method for Liquid Mode (Determination
of Extractable Components, Polar and Apolar). Mass range:
50-2000 uma; EDR system: active; delay: 4 minutes; source
temperature: 250°C; transfer line temperature: 300°C; dwell
time: 0,5 sec; injection mode: splitless; injector temp.: 220°C;
inj. volume: 1uL; carrier flow: 1 mL/min helium; oven
program: init.: 40°C; hold 2 min.; 5°C/min 270°C; hold 20
minutes.

2.4.2. Acquisition Method for Head Space Mode (H. S.)
(Determination of Volatile and Light Components). Mass
range: 50-500 uma; EDR system: active; delay: 0 minutes;
source temperature: 250°C; transfer line temperature: 300°C;
dwell time: 0,5 sec; Injection mode: splitless; injector temp.:
100°C; inj. volume: 2500 uL; carrier flow: 1 mL/min helium;
oven program: init.: 45°C; hold 2 min.; 5°C/min 250°C; hold
5 minutes.

3. Results

3.1. Elemental Analysis. Table 1 shows the elemental distri-
bution of the row organic mass (OM) and that of the organic
mass of the various composts obtained from OM under
different biodegradation conditions. They are compared
with those of a typical compost used as fertilizer (C5)
as well as with those of a compost obtained by drying
the row organic waste when mixed with the IM (Cl1).
It can be seen that in all of the composts C1-C4 the
percentages of C, H, and N are lower than those found in
the initial organic waste (OM). This reduction is mainly
due to a significant increase of the percentage of oxygen
in all of the composts examined. This increase becomes
very large for the compost C4 that exhibited about a 45%
increase of the % of oxygen atoms relative to the untreated
waste. These data unequivocally suggest that during the
organic waste treatment, extensive oxidative biodegradation

processes occur. Another interesting data is the significant
reduction of the C/N ratio that gradually decreases from OM
that has the largest value equal to 31 to C4 for which this ratio
becomes 12.

Significant differences in the elemental distribution were
also observed between the composts obtained with the Fe(II)
containing solutions (C2—-C4) and without them (C1). In
particular, it is worth to note that, when the Fe(II) ions were
present, the increase of the percentage of oxygen was higher
than in their absence, when the ferrous ions were added
to the waste either in the fully hydrated form (solution A)
or in a complex with the diethylenetriaminepentaacetic acid
(solution B). This suggests that Fe(II) ion plays a major role
in the biodegradation process. However, it can be further
noted, from Table1, that the oxidative biodegradation
process appears to be more efficient when the ferrous ion
complex is used. Indeed, the compost C4 had the highest
percentage of oxygen and the lowest C/N ratio.

The composts prepared in the presence of the iron
(II) catalyst were dark-brown, dry, granulous (almost 1 mm
grains), without smell. Odor and color properties of C4 as
well as its C/N ratio and its molecular composition were
monitored for up to 6 months. After this period we did
not observe significant changes of the above parameters,
indicating that this compost was stable. In contrast, C1 was
not stable and after few days from the treatment it was
covered by molds and gave a foul odor characteristic of
volatile mercaptans.

3.2. GC/MS Results. Due to the very interesting elemental
distribution differences between Cl and C4, we deeply
studied the molecular composition of these two materials
by means of the GC/MS analysis. Figures 1 and 2 show the
chromatograms of the nonpolar and polar dissolved organic
matter, respectively, for C1 (A) and C4 (B). All the peaks
in the chromatograms were identified by the corresponding
mass fragmentation spectra. Tables 2 to 4 summarize the
classes of functional groups found in the above organic
matters. Major differences in the chromatograms of the two
composts can be seen at low retention times and on the
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TaBLE 2: Molecular composition of the low-molecular-weight fraction of the extracts from composts C1 and C4. Hydrocarbons, alcohols,

thiols, ethers, thioethers, sulfones , and amines.

Functional

Cl C4
group
X
Hydrocarbons
6,6-Dimethyl-2- 2,6-Dimethyl-6-(4-methylpent-3-enyl)
methylenebicyclo[3.1.1]heptane bicyclo[3.1.1]hept-2-ene(caryophyllene)
1-Methyl-4-(prop-1-en-2-yl) 1-Methyl-4-(prop-1-en-2-yl)
cyclohex-1-ene(limonene) cyclohex-1-ene(limonene)
1-Isopropyl-4-
methylcyclohexa-1,4-diene
1-Methyl-4-(6-methylhepta-
1,5-dien-2-yl)cyclohex-1-ene
—
o)
Alcohols >< HO S
Ethers
Thiols 3-(Hydroxymethyl)furan Di-tert-butylsulfone 3-(Hydroxymethyl)furan
Thioethers S SH
™~
Sulfones HS/\/ 5/\/
Amines \ OH
(¢}
(5-Methylfuran-2-yl)methanol

HO N
N\
L)

| 2-Methyl-4,5-dihydro-
Y 1H-imidazole
Furan-3-ylmethanol

extracts as such without concentration pretreatment. This
is to be attributed to significant differences in the low-
molecular-weight content of the two extracts. Actually, the
identification of the light fraction of the extracts by MS
revealed that C4 was reached in compounds at high oxidation
state such as aldehydes, ketones, and cyclic esters (Tables 2, 3,

and 4). These were detected to a lower extent in the extracts
of ClI too, but it was mainly composed by hydrocarbons,
alcohols, ethers, and thioethers (Tables 2—4).

The high-molecular-weight fractions of the C1 and C4
extracts were very similar and contained long-chain (C10-
C23) fatty acids and their corresponding methyl and ethyl
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TaBLE 3: Molecular composition of the low-molecular-weight fraction of the extracts from composts C1 and C4. Aldehydes and ketones.

Functional C4

group
e D e

Nonanal

3,5-Dihydroxy-2-methyl- maltol
2H-pyran-4-one 3-Hydroxy-2-methyl-
4H-pyran-4-one

O/ HO O
e L

3,5-Dihydroxy-2-methyl-2H-pyran-4-one

S

Aldehydes
Ketones

3-Ethoxy-4-methoxyphenol

o maltol)
6,6-Dimethylbicyclo 3-Hydroxy-2-methyl-
[3.1.1]heptan-2-one 4H-pyran-4-one

=5

Benzeneacetaldehyde

.S

1-(3-Hydroxyfuran
-2-yl)ethanone

O.
A ™~
OH
2-Phenylpropenal 2-Methoxyphenol
O
OA@i N
OH
4-Hydroxy-3-methoxybenzaldehyde
N
N: N\
H (6]

1H-Imidazole-2-carbaldehyde
(0) o) o)

AN

3H-Pyran-2,6-dione
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FiGure 1: GC chromatograms of the non polar dissolved organic matter extracted in n-hexane from composts C1 (a) and C4 (b). Some of
the classes of the functional groups are reported here as a function of the retention time (minutes): up to 32" we have terpene, decanoic,
dodecanoic, and tetradecanoic acids, and tetradecenal. The remaining peaks were attributed to C16—C18 fatty acids and relative esters. At
50" squalene was found. It can be seen that the region at low retention times in chromatogram (b) is more crowded than in (a).
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and at 20'—40’ fatty acid and fatty acid esters. It can be seen that the region at low retention times in chromatogram (b) is more crowded
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FiGure 3: Headspace GC analysis of the volatile fraction obtained
from compost Cl. a: light terpene; b: butyrate; ¢: limonene; d:
propanethiol; e: 2-decenale; f: 2-undecenale.

esters as well as cholesterol (3 beta-cholest-5-en-3-ol) and
high-molecular-weight terpenes like squalene.

These data strongly support the quantitative results
on the elemental distribution of the various composts
(Table 1). Indeed, the high relative amount of oxygen-rich
low-molecular-weight compounds at high oxidation state
determined in C4 is in very good agreement with the high
percentage of elemental oxygen found in this compost.

The analysis by headspace chromatography coupled to
MS essentially confirmed the data reported in Table 2 for the
compost C4 but revealed the presence of cyclic hydrocarbons,
butyrate, and low-molecular-weight thiols responsible for
the rancid smell of C1 (Figure 3).

4. Discussion

The data presented here clearly shows that if the organic
waste is treated in a reactor under the temperature and
pressure conditions here described (see “Section2”), the
addition of Fe(II) ions improves the oxidative degradation
processes of the waste and leads, in a few hours, to organic
matrices characterized by low-molecular-weight compounds
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TaBLE 4: Molecular composition of the low-molecular-weight fraction of the extracts from composts C1 and C4. Carboxylic acids, esters,

and amides.
Functional cl Ca
group
O OH
)J\/\/\/ O:<—/
HO
Carboxylic Heptanoic acid Butanoic acid
acids
Esters
o v )7\/\/\
(0] HO
O Hexanoic acid
4-Methylpentanoic acid HO
3-Methylpentanoic acid
(0]
/\)J\ o
Oﬁ/\OH Oﬁ/_/i

OH
2,3-Dihydroxypropyl butyrate

Pentanoic acid

(@]

HO)J\/\/\A

Octanoic acid
(0]

6-Pentyl-tetrahydropyran-2-one

(o)
\)J\ N

O
Butyl propionate
(0]
/\)J\O ﬁ/\OH
OH

2,3-Dihydroxypropyl butyrate

at high oxidation state, like acids and esters. In addition,
composts obtained by this method exhibited low C/N ratios
and were stable at least from the point of view of their odor
and color properties and their molecular composition. Even
if further studies are required to evaluate the usefulness of
the obtained composts in agriculture practice, nonetheless,
the treatment of organic solid waste here proposed seems
to be very promising for many potential applications (soil
amendment, fuels, etc.).

The results discussed above suggest that ferrous ion plays
a significant role in the oxidative process of the raw organic
material. It is therefore necessary to hypothesize that this ion

is involved in a reaction mechanism that may significantly
contribute to enhance the oxidation process. One of the
most probable mechanisms is a catalytic process known as
Fenton reaction in which the highly reactive oxygen species
hydroxyl radical HO®* and/or ferryl ion [Fe““’(OH’)z]aq are
produced [9, 21-23]. Under the assumption that the Fenton
reaction proceeds via an inner-sphere two-electron-transfer
mechanism [22], the following simplified reaction scheme
may be suggested for organic substrates oxidation by Fenton
reaction:

Fe2t + Hy0p — Fe(Hy0,)yq™" — [Fe*"(OH™), ], (1)



The intermediate iron (IV) complex may oxidize the organic
substrates. Alternatively, it could react further, leading to the
formation of a free hydroxyl radical and Fe;;:

[Fe**(OH"),],, — Felq + OH™ + OH". (2)

The hydroxyl radical that takes place in step (2) could react
with the organic substrate leading to its oxidation.

The Fe(III) formed in the oxidation steps is reduced,
under acidic conditions, leading again to ferrous ion that can
reenter in the oxidative Fenton cycle [22]:

Fel! + H,0, - FeZt + OH; (3)
Fe)! + OH; — Fe;t + O, +2H". (4)

Even though reaction (3) is slow, reaction (4) is irre-
versible and the sequence is therefore shifted to the right
favoring the reduction of Fe}; to Fe;} and the oxidation of
H,0O,; to O,.

The hypothesis that Fenton chemistry is involved in the
biodegradation of the organic waste appears to be reasonable
if we take into account that the presence of a variety
of aerobic microorganisms populates the organic material
that might be the endogenous source of hydrogen peroxide
through the mechanism of molecular oxygen reduction.
In this process, which is ubiquitous in aerobic systems,
the molecular oxygen can undergo an initial one-electron
reduction by an electron donor to form the superoxide anion
O3 that is subsequently converted to H,O,.

5. Conclusions

Here we have treated solid organic wastes into a 25 L reaction
chamber under strictly controlled temperature and pressure
conditions and we have evaluated the effects of iron (II) ion
on the oxidative decomposition process of the solid waste.
We have found that Fe(II) ion enhances such a process
especially when it is introduced into the raw organic matter
in form of complexes of the ethylenetriaminepentaacetic
acid. This observation is very interesting and deserves further
studies. After 6 hours of waste treatment, we observed a
high degree of oxidative decomposition revealed by GC/MS
analysis of the polar and non polar dissolved organic matter
that led to composts with C/N ratios as low as 12, compared
to an initial value of 31. In addition, the composts obtained
exhibited dark-brown color they did not emanate smell and
have humidity of the order of 15%. The product obtained
in the present work cannot be considered as a conventional
compost. At the actual stage of investigation, we only claim
to have transformed the original organic waste material
into a stabilized organic matrix. We mean in this case that
the material does not go, at least within 6 months, in
further biochemical transformation when stored under dry
conditions. The property of the material as a soil fertilizer
needs to be inquired by determining the further biochemical
and chemical transformations it will undergo when added to
soil. In particular, its influence on the vegetable growth needs
to be determined. Studies are in progress in these directions.
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The cultivation of strawberries generally requires substantial use of pesticides, and abamectin is the active principle of one of
those most commonly employed. Conventional water treatment does not remove pesticides efficiently, so there is a need to
investigate alternative procedures. The use of advanced oxidation processes (AOPs) can achieve good results in removal of toxic
organic compounds present in aqueous solutions. The photo-Fenton process, one example of an AOP, was employed to study the
degradation of abamectin. Results showed that when natural water samples contaminated with abamectin were treated using the
photo-Fenton process, 70% of the initial amount of the compound was removed within 60 minutes of UV irradiation, and 60%

mineralization was observed after 180 minutes of reaction.

1. Introduction

Biocides are one of the most important classes of compounds
introduced into surface waters by human activities [1]. They
are widely used in agriculture and can contaminate rivers and
other water bodies due to transport from cultivated areas
[2-5]. Although the pesticide industry has developed new
compounds that are more effective, even at lower concentra-
tions, and that present lower environmental impacts [6], the
misuse of such pesticides can pose considerable toxicity risks
to operators, consumers, and the wider environment [7].
The cultivation of strawberries uses large amounts of
pesticides. One of the most commonly employed is Vertimec
18 EC, which contains 1.8% (w/v) of abamectin, the active
principle. Abamectin belongs to the avermectin group and
has the molecular formula CysH7,0;4 (avermectin Bla) +
C47H70014 (avermectin B1b). It is used primarily as a bio-
cide. Abamectin is a toxic chemical and can be fatal if inhaled,
ingested, or absorbed by the skin. It causes skin and eye
irritation, and at high doses can cause damage to the central
nervous system (CAS no., 71751-41-2). The substance is also
highly toxic to fish and aquatic invertebrates. The maximum

acceptable daily intake (ADI) is 0.01 mg kg~! body weight,
and the maximum residue limit is 0.02mg kg™! of the
commercial product [8].

Effluents containing biocides cannot usually be treated
efficiently using biological techniques, since the effluents are
toxic to the microorganisms involved so that the biodegrada-
tion efficiency is reduced [9].

An alternative treatment that has been investigated is
based on the use of advanced oxidation processes (AOPs),
which are very efficient for the removal of potentially toxic
organic compounds from water systems. In AOPs, hydroxyl
radicals (*OH) are formed as highly reactive intermediates,
and can mineralize organic compounds to H,O, CO,, and
mineral acids [10-13].

The photo-Fenton process, an AOP, has attracted con-
siderable interest due to its high efficiency in producing
hydroxyl radicals during H,O, decomposition catalysed by
Fe?* in acid solution under UV irradiation (1) and (2)
[14]. Advantages of this process include the ability to use
relatively low-cost reagents, and solar irradiation as the UV
source. At the end of the process, the iron ions present can



be precipitated by increasing the pH, while the H,O, is
consumed during the reaction [15]:

Fe’* + H,0, — Fe** + OH™ + *OH, (1)
Fe’* + H,O + hy — Fe’* + *OH + H' (2)

The "OH generated can degrade organic pollutants
present in aqueous solutions. Parameters such as pH and
reagent concentration ratios must be controlled, in order
to enhance the efficiency of the degradation process. The
optimum pH range for the Fenton and photo-Fenton
processes is 2.5-3.0 [16, 17]. The use of an excess amount of
H,0; can reduce the efficiency, since hydrogen peroxide can
scavenge ‘OH, generating “HO; which has a lower reducing
potential than the hydroxyl radical [18, 19].

Fenton and photo-Fenton processes have been success-
fully employed to treat a variety of effluents containing
compounds such as dyes [20], antibiotics [21, 22], landfill
leachates [23], and emerging contaminants [24].

The Federal University of Itajuba (Universidade Federal
de Itajubd) is located in one of the major strawberry
cultivation areas of Brazil. The objective of the present paper
was to investigate the degradation efficiency of abamectin
using the photo-Fenton process with UV irradiation.

2. Experimental

2.1. Pesticide Solutions. Abamectin solutions were prepared
from the commercially available pesticide, in distilled water
at a concentration of 9mgL™! (400mgL~! TOC). This
concentration is the same as that used by farmers during
strawberry cultivation.

2.2. Photo-Fenton Process. Iron nitrate (0.5mmolL™!) was
added to the abamectin solution, and the pH was adjusted
to 2.5 using 1.0 mol L™! H,SO4. The photoreactor consisted
of an UV lamp (Hg, 125W, Amax = 365nm), inserted
into a double jacket whereby the system could be cooled
by water recirculation, and was immersed in the reaction
solution. 6.0 mmol L~! of H,O, was added to the abamectin
solution, and the lamp was turned on to start the reaction
(17mW cm~2, as measured by a Cole-Parmer radiometer,
series 9811). Samples were withdrawn at predetermined
intervals, over periods of 60 or 180 minutes. To halt
the Fenton reaction, the pH was raised to pH 10 using
6.0mol L™! NaOH, in order to precipitate iron hydroxide.
The supernatant was separated by centrifugation and used
for the different chemical analyses. The choice of pH value
and the H,O, and Fe*" concentrations was based on previous
work that used the Fenton reaction to treat another herbicide
[25-27].

Natural water samples from the José Pereira stream
(22°24'50”'S and 45°24'02”W, in WGS 84 datum) were
also spiked with the same concentration of abamectin
and irradiated under the conditions already described. The
objective of these tests was to study the efficiency of the
Fenton reaction under conditions more representative of
those arising from agricultural contamination.
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Experiments were also performed without irradiation
(Fenton process), using the H,O,/UV advanced oxidative
process. Control experiments using UV alone (direct photol-
ysis), H,O; alone, and iron alone with UV were conducted
in order to evaluate the influence of each parameter on the
degradation process.

2.3. Abamectin Quantification. Abamectin was quantified by
GC/FID using a Varian Model CP 3380 instrument equipped
with an AB-5 column (25m X 0.25mm X 0.25um).
Aliquots (1 L) of the eluted samples were injected into the
GC. The operating conditions of the oven were an initial
temperature of 50°C for 1 minute, a ramp to 200°C at 15°C
min~!, and a final hold at 200°C for 1 minute. The injector
temperature was 240°C, and the FID detector temperature
was 300°C. All samples were injected 4 times, and the results
were calculated as averages. All experiments were performed
in triplicate.

Analytical grade abamectin (Sigma-Aldrich) was used to
generate the calibration curve. The detection limit (DL) and
quantification limit (QL) were calculated using the ratio of
the standard deviation (s) and the slope (S) of the calibration
curve (3) and (4) [28]:

DL = 3.3 x (s/9), (3)
QL = 10 x (s/9) (4)

Since the abamectin solution used for the degradation
experiments was prepared from a commercially available
pesticide that contained other compounds, it was necessary
to separate the abamectin from the aqueous solutions prior
to the chromatographic analyses. This was achieved by solid
phase extraction using Waters Sep-Pak C;s cartridges [29].
After the degradation process, the samples were centrifuged
in order to separate out the iron precipitate. The supernatant
(50 mL) was passed through the Sep-Pak cartridge at a flow
rate of 1.66 mL min~!, using a glass syringe. The abamectin
retained in the cartridge was then eluted with an aqueous
solution containing 85% methanol. This extract was used for
abamectin quantification using GC.

2.4. Statistical Analysis. The statistical analysis employed R
software and its complement Tinn-R [30] and considered
the data to be randomly distributed. The residuals of the
data were determined, together with the homogeneity of the
variances. The multiple comparison analysis used the Tukey
test (at a 5% significance level).

2.5. Hydrogen Peroxide Determination. The hydrogen per-
oxide concentration was monitored spectrophotometrically
using the metavanadate method [31].

2.6. Total Organic Carbon (TOC). The mineralization of
organic material in the solution during the photodegradation
was monitored by quantifying total organic carbon (TOC)
using a carbon analyser (TOC 5000A, Shimadzu). These
analyses were performed in the laboratory of the LAPOA
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group, at the Institute of Chemistry, UNESP (Araraquara,
Sao Paulo, Brazil).

3. Results and Discussion

Determination of abamectin is usually performed by liquid
chromatography [32-35]. At present there are no reports in
the literature concerning analysis of the compound by gas
chromatography, so that a new method therefore needed
to be developed. Injection of a methanolic solution of
abamectin showed that it eluted at a retention time of 5.7
minutes. Validation of an analytical method involving a
separation technique (such as GC) requires determination
of parameters including the linearity of the analytical curve,
the DL, and the QL [28]. The calibration curve obtained
here showed good linearity, with a high correlation coeffi-
cient (0.9988). The calculated detection and quantification
limits were 0.0168 mgL™! and 0.0511 mgL~!, respectively,
which are low compared to the initial pesticide concentra-
tion. Repeatable quantification of abamectin was achieved
after separation using Sep-Pak cartridges, showing that
the method was also selective. These results demonstrated
that the technique used to quantify abamectin met the
requirements of the present paper, which were to identify
abamectin and monitor its concentration with precision
during the photo-Fenton treatment process.

3.1. Control Experiments. In order to understand the influ-
ence of the different experimental variables on the degrada-
tion of abamectin, experiments were performed using each
variable individually. Combinations of variables (such as iron
and UV) were also employed. Figure 1 shows the comparative
results obtained for these tests.

Abamectin was destroyed by direct photolysis, with 39%
removal after 1 hour of irradiation (Figure 1). This result
indicates that the pesticide could be photodegraded if present
in surface water within the photic zone. Mushtaq et al.
[36] showed that avermectin, the chemical group to which
abamectin belongs, was also degraded by direct photolysis in
natural water after 22 days of solar irradiation. Nevertheless,
direct photolysis will not occur in the natural environment
when the compound is absorbed in the sediment, or when it
is present below the photic zone.

Kamel et al. [37] studied the degradation of abamectin
in Saudi Arabian soil. Removal rates of 66% and 88% were
observed after 7 and 14 days of solar irradiation, respectively.
However, the residual concentration remained higher than
that permitted by legislation.

When iron was used alone, together with UV, there was
45% abamectin removal after 60 minutes of irradiation.
This probably indicates that photoactive complexes formed
between iron and other compounds present in the original
pesticide sample, and/or their intermediates, were generated
during the degradation process [25, 38]. Similar behaviour
was observed by Park et al. [39] using the dye Acid Orange
7, by Silva et al. [25] during photo-Fenton degradation of
the herbicide tebuthiuron using solar irradiation, and by Sun
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FiGure 1: Comparison of the efficiency of degradation of abamectin
using different treatments: —4— direct photolysis; —ll— H,0,;
—@— Fe + UV. Initial conditions: [H,0O,] = 6.0 mmol L~!; [Fe**]
=0.5mmol L™!; abamectin = 9.0 mgL~!, A = 365 nm; pH = 2.5.

and Pignatello [40], who attributed the second stage of 2,4-
D degradation to iron complex photolysis in the presence
of pesticide degradation intermediates. The relatively high
degradation efficiency obtained here is interesting since there
was no use of H,O,, which could reduce the costs of
treatment.

For more than 30 years, the use of H,O,, a strong
oxidant, has been commonplace in treatments involving
oxidation of organic and inorganic pollutants [41, 42]. In
the present paper, use of H,O, alone (in the absence of
irradiation) resulted in 30% removal of abamectin after 60
minutes (Figure 1).

3.2. Degradation Studies. Considering that in the control
experiments abamectin removal was in the region of only
30% to 45%, the efficiency of degradation of the compound
was also investigated using three different AOPs. Figure 2
shows the results of abamectin degradation using Fenton and
photo-Fenton reactions, and the H,O,/UV system.

In the experiments using the Fenton reaction, there was
40% abamectin removal after 1 hour of irradiation. Similar
degradation efficiency was observed after the same time
interval using H,O,/UV. Due to the radiation source used,
which had a wavelength limit of A, = 365nm, the UV
radiation was not able to cause H,O, decomposition, which
requires a wavelength near 254 nm [43]. In the present study,
the UV radiation probably only acted to remove abamectin
by direct photolysis.

Use of the photo-Fenton system improved abamectin
degradation, with up to 55% removal after 30 minutes of
reaction, and 80% removal after 60 minutes of irradiation.
Similar results were obtained by Pignatello [16], who showed
that the photo-Fenton process was more efficient than the
Fenton process for degradation of 2,4-dichlorophenoxyacetic
acid, since photo-reduction of Fe** ions to Fe?" increased
the catalytic effect. The Fe?* ions can react again with H,O5,
and continue the Fenton reaction. The results obtained in
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F1GUre 2: Comparison of degradation efficiency of abamectin using
different AOPs: —A— H,0,/UV; —@— Fenton reaction; —*—
photo-Fenton reaction. Initial conditions: [H,O,] = 6.0 mmol L™};
[Fe’*] = 5.0 mmol L7!; abamectin = 9.0mgL~!, A = 365 nm; pH =
2.5.

the present paper indicate that the photo-Fenton process is
effective for the treatment of water and effluents contam-
inated with abamectin, with a high removal rate within a
short irradiation period of up to 60 minutes.

The hydrogen peroxide concentration is an important
parameter influencing Fenton and photo-Fenton processes.
At high concentrations it can be detrimental to the degra-
dation of organic compounds in water, since excess H,O,
can act as radical scavenger [44]. On the other hand, a lack
of H,0, interrupts the Fenton reaction, because its absence
can halt hydroxyl radical production and, consequently,
destruction of organic compounds. Therefore, monitoring
the H,0, concentration can help in adjustment of its initial
concentration, and identify any need for further addition
during the Fenton process.

Monitoring H,O, levels showed that after 60 minutes
there was a residual concentration of at least 10% of the
initial concentration, and that there was therefore no need
to add more H,O, during the period of irradiation.

Figure 3 shows the outcome of the multiple comparison
tests (Tukey’s test at 5% level of significance) applied to
the results of the degradation experiments. The photo-
Fenton reaction (a) presented higher abamectin degradation
efficiency than the other treatments. The Fe/UV treatment
(b) showed better degradation efficiency compared to the
H,0; and H,0,/UV treatments (c). The results using UV
alone and the Fenton process were statistically similar to the
results obtained for Fe/UV, H,O, alone, and H,O,/UV. These
results indicated that each individual process could degrade
abamectin to some extent; however, the best results were
obtained using the photo-Fenton process.

3.3. Photo-Fenton Degradation of Abamectin in Natural
Aquatic Samples. Abamectin removal by the photo-Fenton
process reached 80% using solutions prepared in distilled
water. In order to investigate removal of the pesticide under
more natural conditions, the influences of the different
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FiGure 3: Multiple comparison tests for the different processes
applied to abamectin removal. The same letters above the means
for the different procedures indicates that statistically there were
no differences between the procedures, using Tukey’s test at a 5%
level of significance. Conditions: [H,0,] = 6.0 mmol L™; [Fe**] =
0.5 mmol L7!; abamectin = 9.0 mg L™!; A = 365 nmy; initial pH = 2.5.

physical and chemical parameters were investigated using
water samples collected from the José Pereira stream, which
were spiked with abamectin. Samples were collected on rainy
and dry days. The water collected on a dry day showed
values of 120mgL~! of total solids and 2mgL~! of BOD,
while the sample collected during precipitation showed
values of 307 mgL~! of total solids and 4 mgL™! of BOD. A
comparison of abamectin degradation using either distilled
water or the natural water samples is shown in Figure 4.
It has been reported that organic compound degradation
decreases in the presence of natural organic matter and
solids, due to reduced penetration of UV radiation. The
organic material can compete with the target compound for
hydroxyl radicals and/or form complexes with iron, which
reduces the efficiency of Fenton degradation [45]. However,
even given the possible interferences, abamectin degradation
under these conditions reached 70% after 60 minutes of
reaction. No difference was observed between degradation of
the pesticide in natural water samples collected on rainy or
dry days.

3.4. TOC Analysis. Although the results showed that
abamectin could be degraded, there was no significant
difference in the TOC values after 60 minutes of irradiation.
This suggests that abamectin was not mineralised, but that
intermediates were generated during the reaction. In a
similar study, Fallmann et al. [46] used the photo-Fenton
process to treat an aqueous solution containing 100 ppm
(TOC) of Vertimec, and observed 20% mineralization after
50 minutes of irradiation, achieving 90% after 150 minutes.
However, the authors used a smaller quantity of initial
TOC compared to the amount used in the present work
(400 ppm). In another study, Bauer et al. [43] used the
photo-Fenton reaction to treat a liquid effluent containing
a mixture of 10 different pesticides, including Vertimec. The
authors used an initial TOC concentration of 10 ppm of each
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FIGUrRe 4: Comparison of abamectin degradation using the
photo-Fenton process for: —A— natural water; —4— natural
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pesticide in distilled water, which was treated in a solar UV
reactor (300—400 nm). For the photo-Fenton process they
used a concentration of 107> mmolL~! FeSO,4-7H,0O and
33wt % of H,O,, which was added in five portions. TOC
removal was in excess of 80% after 3 hours of irradiation
using the solar photo-Fenton process. The results of these
two earlier studies suggest that in the present work, where
the Vertimec solution contained an initial 400 ppm of TOC,
the irradiation time and the amount of H,O, were probably
not sufficient to achieve pesticide mineralization.

Additional experiments were therefore performed in
order to try to improve removal of TOC. In an attempt to
reproduce the results obtained by Fallmann et al. [46], the
initial concentration of TOC was decreased from 400 ppm
to 100 ppm of Vertimec, the H,O, concentration was raised
to 20 mmol L™}, with an iron concentration of 0.5 mmol L1,
The exposure time was increased to 180 minutes, in line with
that employed by Fallmann et al. [46]. The results of these
studies, with a ratio Fe/H,O, of 0.0833, showed that 60%
of TOC was removed after 180 minutes. This result is very
similar to those reported by Bauer et al. [43] and Fallmann et
al. [46].

The possibility of reducing treatment costs was studied
by decreasing the Fe/H,O, ratio used for mineralization of
400 ppm (TOC) of Vertimec. Using iron and H,O, con-
centrations of 1.0 mmol L™! and 80 mmol L™}, respectively
(Fe/H,O, ratio of 0.0125), there was 60% TOC removal
after 180 minutes of irradiation. A further experiment was
performed employing 0.5 mmol L™! of iron and 80 mmol L™!
of H,O, (Fe/H,O, ratio of 0.00625); however, there was
no observable removal of TOC. These results showed that
there was a limiting amount of reagents required to achieve
TOC removal. Abamectin could be degraded using Fe/H,0,
ratios smaller than 0.0125; however, there was no change
in the TOC value, indicating that both the original organic
compound and TOC should be monitored in order to ensure
detoxification of the solution.

Studies of the toxicity and biodegradability of the
possible reaction intermediates will be essential in order to

establish the optimum concentrations of the photo-Fenton
reagents. Future investigations should provide information
that addresses the need to effectively mineralize the pesticide,
or at least degrade it to a nontoxic intermediate. Additional
work is also needed to investigate the possibility of com-
bining a biological process with the photo-Fenton treatment
described in the present work.

4. Conclusions

Determination of abamectin by gas chromatography was
successfully used to assess the efficiency of degradation of the
pesticide by the photo-Fenton process.

The photo-Fenton process was shown to be an effec-
tive treatment for water and effluents contaminated with
abamectin, achieving a high removal rate of 70% of the
chemical after 60 minutes of UV irradiation. Increasing the
concentrations of Fe’* and H,O, enabled attainment of
at least 60% pesticide mineralization after 180 minutes of
irradiation.
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