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a b s t r a c t

Opium alkaloid processing industries are quite limited throughout the world since cultivation and pro-
cessing of opium are not practiced in most of the developed countries. However, wastewater generated
from this industry is known to be highly polluted with considerable environmental impacts. High rate
anaerobic digestion processes are effective in the treatment of opium alkaloid wastewaters that are char-
eywords:
naerobic Digestion Model No. 1
pium alkaloid wastewaters
odeling
pflow anaerobic sludge bed reactor

acterized with relatively low pH and high soluble COD content. Experimental results obtained from the
anaerobic treatability studies conducted with lab-scale upflow anaerobic sludge bed reactor (UASB) were
simulated by the IWA Anaerobic Digestion Model No. 1 (ADM1). A model based influent characterization
which provided consistent results was performed. The validation results indicated that the calibrated
ADM1 was able to predict the experimental results of effluent COD, pH, methane and biogas flows with

stud
c indu
reasonable accuracy. This
the treatment of a specifi

. Introduction

One of the oldest medicinal plants in recorded history is the
pium poppy, Papaver somniferum L. (Papaveraceae) which has
n annual herb with an erect stem, having a white, red, or pur-
lish flower depending on the cultivar. The use of the plant as a
oothing agent in medicinal purposes resulted in its spreading out
hrough different cultures including ancient Sumeria, Rome, China
nd Europe for centuries. Presently, poppy straw is principally pro-
uced in India, Australia, France, Spain, Ukraine, Yugoslavia, and
urkey. Opium which has an alkaloid content of approximately
0–20% contains more than 40 individual alkaloids such as mor-
hine, codeine, thebaine and narcotine [1].

Effluent from opium processing industries is known as high
trength wastewater with a relatively low pH. Wastewater from
pium processing industries has high COD concentration mainly of
oluble and biodegradable character, with an initial inert COD con-
ent of less than 5%. The soluble COD content of wastewater consists
f mainly acetic acid [2,3].

Information on characteristics, treatment and disposal of efflu-
nts from the opium alkaloids factories are quite limited since

ultivation and processing of opium are not commonly practiced
n the world. Hence, only a few studies have been reported for the
reatment of opium alkaloid industry wastewaters such as chemical
oagulation and biological treatment [2,4]; physico-chemical treat-
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y demonstrates a useful approach for the implementation of the ADM1 for
strial wastewater.

© 2010 Elsevier B.V. All rights reserved.

ment [5]; anaerobic treatment [3], post-treatment of aerobically
treated opium alkaloid effluents with lime and ozone [6,7]; acti-
vated sludge and catalytic wet air oxidation [8,9], post-treatment by
fenton oxidation [10] and membrane treatment as a post-treatment
alternative [11].

Fundamental models of various complexities describing anaer-
obic digestion process have been developed during the last four
decades. Early models were very simple and assumed a rate limit-
ing step [12,13]. However, the increasing knowledge on anaerobic
digestion and the interactions of the multiple functional species
involved in it require more complex models to be developed
[14,15]. Furthermore, the recent developments in the computer
technology stimulated the development of dynamic process mod-
els and they allowed to simulate the impact of the changing
environmental conditions on complex biological treatment sys-
tems. Anaerobic Digestion Model No. 1 (ADM1), developed by the
IWA Task Group for Mathematical Modeling on Anaerobic Diges-
tion, is one of the most sophisticated and complex model involving
19 biochemical processes and two types of physiochemical pro-
cesses [16].

Although ADM1 was principally developed for anaerobic diges-
tion of wastewater sludges, its generic structure allows modeling of
anaerobic processes for industrial wastewater treatment [17–20].
Rajinikanth et al. [21] applied the ADM1 and a modified version

of ADM1 to the results obtained from a lab-scale hybrid upflow
anaerobic sludge-filter bed reactor treating wine distillery vinasse
wastewater. They concluded that the modified ADM1 was able to
simulate well the dynamic behavior of the main variables in the
liquid and gas phases. ADM1 was also successfully implemented for

dx.doi.org/10.1016/j.cej.2010.08.069
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:ersahin@itu.edu.tr
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imulating mesophilic and thermophilic anaerobic co-digestion of
live mill wastewater with olive mill solid waste in semi continuous
ubular reactors under different operating conditions [22,23]. Chen
t al. [24] successfully applied ADM1 for the simulation of a two
tage treatment system consisting of a completely mixed reactor
nd an UASB reactor treating medicine production effluents.

Treatment of industrial wastewaters such as opium processing
ffluents will benefit from direct implementation of mathemat-
cal models for control, operation and optimization of full-scale
reatment plants and assisting the transfer of modeling studies to
ndustry. The present work was undertaken to apply ADM1 for sim-
lating and analyzing the experimental results obtained from the
naerobic treatment of opium alkaloid wastewaters in a lab-scale
pflow anaerobic sludge bed reactor (UASBR) at mesophilic (35 ◦C)
onditions. Thus, the results obtained from this study present an
xample for application of a structured model for the treatment of
specific industrial wastewater.

. Materials and methods

.1. Experimental methods

The analysis of various parameters such as chemical oxygen
emand (COD), biochemical oxygen demand (BOD), total kjeldahl
itrogen (TKN), total phosphorus, total suspended solids (TSS), total
olatile solids (TVS) and total solids (TS) were performed accord-
ng to Standard Methods [25]. pH was measured with Thermo Orion
20A pH meter. Volatile fatty acids (VFAs) were measured by liquid
hromatography (HPLC 1100 equipped with Mbondapak C18 col-
mn). An appropriate mobile phase (H2SO4 solution at pH 3) was
etermined for VFA analysis and applied to all samples. Biogas flow
as measured with Ritter wet type gas meter. Biogas composition
as determined with Orsat type gas analyzer (Borucam 1-310-100)

y measuring the CO2 fraction. Soluble and particulate inert COD
f the wastewater under anaerobic conditions were determined
ccording to Germirli et al. [26] by using two anaerobic reactors
perated for raw and filtered wastewater at 35 ◦C.

.2. Wastewater characterization

The wastewater used in the study was generated from an opium
rocessing industry located in Afyon Karahisar Province in Turkey.
he wastewater characterization of opium processing industry was
rovided from the study of Aydin et al. [3] in Table 1. The process
ffluent characterized by its high strength and biodegradability had

relatively low pH. Soluble COD content and acetic acid related COD
f the wastewater were 90% and 33%, respectively. The soluble and
articulate inert COD fractions of the wastewater were experimen-
ally determined as 1.64% and 2.42% of influent COD, respectively
3].

able 1
haracterization of opium processing industry wastewater [3].

Parameter Unit Values

Total COD mg/L 18,300–42,500
Soluble COD mg/L 17,050–39,470
TOC mg/L 7335–14,000
BOD5 mg/L 4250–22,215
pH – 4.9–6.3
Total alkalinity mg CaCO3/L 315–4450
TS mg/L 27,235–29,750
TSS mg/L 565–2295
TVS mg/L 320–1775
TKN mg/L 550–841
NH3–N mg/L 73–141
Total phosphorus mg/L 3.1–15.0
Acetic acid mg/L 3730–13,630
Fig. 1. Lab-scale UASBR set-up.

2.3. Lab-scale UASBR

An UASBR made of polyvinyl chloride (PVC) with a height of
1 m and an inner diameter of 12 cm was used for lab-scale studies
(Fig. 1). The effective volume of the reactor was 11.5 L and it was
operated at mesophilic conditions (35 ± 2 ◦C). The reactor was con-
tinuously fed by a peristaltic pump and the produced biogas was
measured by a wet gas meter. The lab-scale UASBR was inoculated
with granular sludge taken from a full-scale UASBR treating brew-
ery industry wastewater. The TVS content of the seed sludge was
88%.

C:N:P ratio of the feed was adjusted to 300:5:1 by the addition
of phosphoric acid. Trace elements were added into the feed peri-
odically to supply the requirement of micronutrients necessary for
the biomass growth. Trace elements Fe, Ni, Co, K, Zn and Mo were
added into the feed at rates of 1.0, 0.2, 0.1, 100.0, 0.1 and 0.5 mg/L
reactor-day, respectively [27].

The operational period of UASBR was divided into 15 phases
due to the changes in hydraulic retention time (HRT) and organic
loading rate (OLR). Table 2 presents the operating conditions of
each phase. Lab-scale UASBR was operated at OLRs ranging from
3.40 to 10.0 kg COD/m3 day and at HRTs changing between 1.62 and
1.15 days. More information about the reactor performance and
operation can be found elsewhere [3].

2.4. Model implementation

ADM1 was implemented in Aquasim 2.1b which is a computer
program for mathematical modeling and simulation of aquatic sys-
tems [28]. ADM1 requires a detailed characterization of COD in a
specific form identifying the concentrations of soluble and particu-
late carbohydrates, protein, lipids, as well as individual VFAs. Since
analysis of all these individual variables are generally not practi-

cal, at least not on a regular basis, reasonable approximations can
be made depending on the available characterization of the raw
material and wastewater (COD, TOC, TKN, NH4–N) in the indus-
try [20,29]. The studies about the constituents of the raw material
“opium” presented that it is composed of approximately 5–20%
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Table 2
Operating conditions of the experimental study [3].

Period number Monitoring
period (days)

Influent COD (mg/L) Effluent COD (mg/L) Hydraulic retention
time � (days)

Organic loading rate
OLR (kg COD/m3 day)

COD removal
efficiency E (%)

C1a 40 5500 700 1.62 3.40 87.2
C2 32 6000 700 1.62 3.70 88.3
C3 29 8100 1130 1.62 5.00 86.0
C4 17 12,150 1950 1.62 7.50 84.0
C5 25 14,500 2610 1.62 9.00 82.0
V1a 15 5950 695 1.52 3.91 88.3
V2 17 7200 965 1.52 4.75 86.6
V3 13 10,600 1820 1.52 7.00 82.8
V4 13 12,500 2275 1.52 8.22 81.8
V5 15 15,200 2920 1.52 10.00 80.8
V6 16 13,200 2770 1.32 10.00 79.0
V7 13 6900 1310 1.15 6.00 81.0
V8 18 9800 2050 1.15 8.50 79.0
V9 40 11,500 2650 1.15 10.00 77.0
V10 17 11,700 1860 1.62 7.22 84.1

a C and V stand for calibration and verification periods, respectively.

Fig. 2. Calibration algorithm used in the study.
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Table 3
Model based influent wastewater characterization.

Stochiometric parameters Definition Value (%)

Solubles
fSac CODt Acetic acid fraction of total COD 33.00
fSaa CODt Amino acid fraction of total COD 18.10
fSsu CODt Sugar fraction of total COD 29.62
fSfa CODt LCFA fraction of total COD 10.64
fSI CODt Soluble inert fraction of total COD 1.64

Particulates

T
I

2 R.K. Dereli et al. / Chemical En

ater, about 20% various sugars, and several simple organic acids
uch as fumaric acid, lactic acid, oxaloacetic acid, and meconic acid
1]. An approximation of the influent wastewater characterization
as made by using an algorithm offered by Kleerebezem and Van

oosdrecht [29]. The algorithm provides an initial estimate of COD
ractions according to ADM1 by using minimum number of mea-
ured parameters such as total COD, total organic carbon, organic
itrogen and VFA alkalinity. The algorithm does not make an esti-
ation of the inert fractions. Therefore, the inert fractions were

etermined by experimental methods. The model based COD frac-
ionation of the wastewater from the opium processing industry
as provided in Table 3.

As the COD content of the wastewater entering to the UASB

eactor is readily biodegradable and rapidly hydrolysable and also
omposed of acetic acid, amino acid and monosaccharide as pre-
ented in Table 3, it is not necessary to apply disintegration step
n ADM modeling. Therefore, disintegration step was only used
o fractionate the particulate COD which constituted the lower

able 4
nitial and calibrated values of kinetic parameters.

Kinetic parameters Names

kdec Decay constant
km,ac Maximum uptake rate for acetate utilizers
km,aa Maximum uptake rate for amino acid utilizers
km,c4 Maximum uptake rate for valerate/butyrate utilizers
km,fa Maximum uptake rate for fatty acid utilizers
km,h2 Maximum uptake rate for hydrogen utilizers
km,su Maximum uptake rate for sugar utilizers
Ks,ac Half saturation constant for acetate utilizers
Ks,fa Half saturation constant for fatty acid utilizers
KI,NH3 Ammonia inhibition constant for acetate utilizers

Fig. 3. (A) Effluent COD, (B) pH, (C) methane flow, and (D) biogas flow lev
fXli CODt Lipid fraction of total COD 1.21
fXch CODt Carbohydrate fraction of total COD 3.37
fXI CODt Particulate inert fraction of total COD 2.42
portion (7%) of the influent COD and to represent the lysis of
biomass.

Most of the stochiometric coefficients and kinetic parameters
of the original ADM1 model were used without any changes [16].

Units Initial values Calibrated values

1/day 0.02 0.05
COD/COD day 8 4
COD/COD day 50 40
COD/COD day 20 13
COD/COD day 6 4
COD/COD day 35 25
COD/COD day 30 20
kg COD/m3 0.15 0.3
kg COD/m3 0.4 0.6
M 0.0018 0.002

els in comparison with experimental data after model calibration.
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Fig. 4. Validation of model outputs with experimental data

he other kinetic parameters, modified by the calibration of the
odel simulations with the experimental results, were provided

n Table 4.

. Results and discussion

.1. Model calibration

The model was calibrated by using 113 days dynamic data
overing C1–C5 periods. During these periods, the volumetric
oading rate of the UASBR was gradually increased from 3.4 to
.0 kg COD/m3 day at a constant HRT of 1.62 days. An iterative
ethod was applied for the calibration of the most sensitive param-

ters to fit the model outputs to the experimental results (effluent
OD, pH, biogas and methane flows). The used iterative procedure
an be seen in Fig. 2. The estimated parameter values providing the
est fitting between model outputs and experimental results were
iven in Table 4. The influent wastewater characterization makes
he kinetic coefficients of the biomass types that degrade acetate,
mino acid, monosaccharide and fatty acids more important in
omparison to the rest of the parameters. Therefore, the most sen-
itive parameters that have significant effects on the ADM1 model
utputs were identified as km,ac, KI,NH3 , kdis, kdec [30], km,pr, km,c4,
La [31]. Other parameters, except from Table 4, have been used

ithout any modification as suggested by Batstone et al. [16].

Decay constant (kdec) was found to have a great impact on
he simulation outputs. Batstone [32] indicated that higher decay
ates were more valid for the modeling of anaerobic mixed and
iofilm systems. Thus, the decay rate in this study was increased
ffluent COD, (B) pH, (C) methane flow, and (D) biogas flow.

to the value of 0.05 day−1 which was found to be consistent. Since
the wastewater had high acetic acid content, the model outputs
such as effluent COD and methane flow were mostly affected from
the kinetic parameters of acetate utilizers. Therefore, km,ac and
Ks,ac values were changed to 4 COD/COD day and 0.3 kg COD/m3,
respectively in order to obtain the best fit. Although the ammo-
nia concentrations in the influent were low compared to the other
waste types such as slaughterhouse effluents or primary sludge, the
model simulated a very significant unionized ammonia inhibiton
for acetate utilizers due to the high operating pH of the reactor. This
effect was reduced by increasing the value of KI,NH3 to 0.002 M.

The model calibration results for effluent COD, pH, biogas
and methane flow by using the optimized parameter set were
presented in Fig. 3. Effluent COD, biogas and methane flows
were predicted quite well for relatively low organic loading
(3.40–5 kg COD/m3 day: C1–C3 periods) conditions. The model
predicted the adaptation of the system adequately during the
periodical changes. However, the accuracy of the model pre-
diction decreased with the increase in the organic loading rate
(7.50–9 kg COD/m3 day: C4–C5 periods). It was seen that the model
simulated an overload situation for methane and biogas flows. It
was difficult to further calibrate the model parameters to get bet-
ter simulation results, and a complete replication of measured data
by the model for all loading periods could not be obtained. This

might arise from complication of applying ADM1 for a lab-scale
reactor which has relatively lower tolerance to changes in operat-
ing conditions in comparison to full-scale systems. Besides, similar
results can be found elsewhere [33]. Finally, ADM1 simulated pH
variations with high accuracy for all periods.
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.2. Model validation

A validation study was performed to assess the quality and
pplicability of the optimized parameters and influent characteri-
ation values. The model outputs were compared with measured
ata obtained in V1–V10 period from the investigated UASBR
ithout changing the previously optimized parameter set. During

hese periods, OLR and HRT of the UASBR were applied between
.91–10.0 kg COD/m3 day and 1.15–1.62 days, respectively. Varied
RT values were applied in the periods covering validation study
nlike the periods of the calibration study.

Fig. 4 presents the comparison of model outputs and experimen-
al data for effluent COD, pH, methane and biogas flows. As can be
een from the Fig. 4, COD and pH were reasonably good predicted
y the model (except V5 period for COD). A good estimation of

nfluent cation and anion concentrations resulted in the prediction
f pH measurements with high accuracy. The mean absolute rela-
ive error for COD prediction was calculated as 20% which can be
egarded as medium accuracy [17]. Although the model predicted
n overload situation for COD in V5 period, the lab-scale reactor
ould maintain the high OLR values without losing its treatment
fficiency probably due to the acclimation of biomass. Also methane
ow was quite well predicted until the period of V6 and biogas
ow was adequately simulated until the period of V8. Methane and
iogas flows were over predicted in V6–V10 periods and V8–V10
eriods, respectively.

. Conclusions

The study revealed the applicability of ADM1 for opium pro-
essing effluents in the prediction of effluent characteristics under
wide range of operational conditions. The remarkable discrep-

ncies between simulations and biogas and methane flows in the
atter periods of the experimental study are attributed to a sys-
ematic error related to the gas flow measurement system rather
han the weaknesses of ADM1 model in the prediction of bio-
as flow at overload situations as mentioned in other studies
20,23,34,35]. Moreover, adequate results provided for effluent
OD values through the whole experimental study and consistency
f it with biogas and methane flows during the former periods
ustified this argument.
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