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ABSTRACT: The main contribution of this research is to optimize the operating conditions of an
anaerobic reactor applied to the treatment of wastewater from cassava starch production. A 20-L
anaerobic reactor was used, operating in a batch system, with temperature control. Temperature and
inoculum total volatile solids (TVS;) were controlled for evaluation of effects on the removals of
chemical oxygen demand (COD) and reactor total volatile solids (TVS;) by means of a Central
Composite Rotational Design (CCRD). Twelve trials were analyzed simultaneously by the desirable
function approach. The higher COD removal (96.82%) was obtained at 42 °C and 12.0% TVSi. The
largest TVS; removal (69.31%) was registered at 45 °C and 10.0% TVS;. Equations representative
of the process were obtained from the responses of variables, being statistically significant at a 90%
confidence level. Based on the desirability function approach, we can conclude that an optimal
operational condition for the anaerobic reactor is at 39.7 °C and 10.8% TVS;. The estimated COD
and TVS; removal efficiencies under these operating conditions were 90.45% and 63.12%,
respectively.
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INTRODUCTION

In recent years, a high generation of organic waste has been a direct result of an accelerated
industrial growth (JIA et al., 2013), exceeding natural recycling capacity through the terrestrial
biosphere. This issue suggests the need to develop and improve waste treatment techniques. In the
context of food production, cassava starch factories (Manihot esculenta Crantz), for example,
deserve special attention in view of the high pollution potential of the wastewater from the
processing of the roots for starch (ZHANG et al., 2011). However, according to WANG et al.
(2012), only in recent years, studies related to the treatment of wastewater from cassava processing
have been carried out as a way to reduce pollution potential.

One of the possibilities is the use of anaerobic biodigestion (FERRAZ et al., 2009;
KUCZMAN et al., 2014; INTANOO et al., 2014) which, according to MIRANDA et al. (2012), is
an effective technique and has the major advantage of being a biogas plant, being a high-energy
power generation system. The anaerobic biodigestion consists of an ecosystem in which different
groups of microorganisms, under stringent conditions of oxygen, work interactively converting
complex organic matter into methane (CH4), carbon dioxide (COz), water, hydrogen sulfide (H.S),
ammonia (NHs"), and new bacterial cells (KPATA-KONAN et al., 2013; SCHIRMER et al., 2014).

For a maximum and steady biogas production via anaerobic biodigestion, factors directly
influencing the process must be monitored, and the process thus optimized (AHLBERG-
ALIASSON et al., 2017). Some of the factors to be monitored are temperature, pH, substrate
composition, carbon/ nitrogen ratio, time retention, alkalinity, and content of volatile solids in the
inoculum (KUMAR & LIN, 2013; KWIETNIEWSKA & TYS, 2014; DOBRE et al., 2014).
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Three temperature regimes can be used in anaerobic digesters: psychrophilic, mesophilic, and
thermophilic. Psychrophilic microorganisms operate at temperatures close to 20 °C, mesophilic
ones at around 35 °C, and thermophilic near 55 °C (JAIN et al., 2015). Increasing temperature has a
positive effect on the metabolic rate of the microorganisms and the process runs faster
(KARAGIANNIDIS & PERKOULIDIS, 2009). Another factor influencing the fermentation
process is pH (MENDEZ-ACOSTA et al., 2013); with 6.8-7.2 being, the most favorable range for
anaerobic digestion (WARD et al., 2008).

The anaerobic biodigestion may be used for treating wastewater from cassava starch
production, in order to control several environmental factors of interest during the process
(KPATA-KONAN et al., 2013; KULLAVANIJAYA & THONGDUANG, 2012; KUNZLER et al.,
2013; KUCZMAN et al., 2014). According to ZENG et al. (2010), in the case of a batch process
and based on volatile solids, a proper inoculum/substrate ratio (ISR) is a key factor for anaerobic
digestion, increasing the efficiency of treatment. Unfortunately, there are few studies developed to
assess the influence of such variable on the treatment of wastewater from cassava starch production.

In this context, the main contribution of this paper is to obtain the best system operation
conditions by changing temperature and rate of total volatile solids in the inoculum (TVS;),
verifying which provide great reductions of carbonaceous organic material and reactor total volatile
solids (TVSy). In short, this study focused on optimizing the operating conditions of an anaerobic
reactor applied to the treatment of wastewater from cassava starch. Finally, we could use the results
to model the process efficiency according to the evaluated variables.

MATERIAL AND METHODS
Experimental Module

Figure 1 shows an illustration of the experimental module consisting of an anaerobic reactor
(1a) operating in a batch system. The jacketed anaerobic reactor was built in PVC (polyvinyl
chloride) with a volume of 20 L. Temperature control was carried out by recirculating from a cold
storage (1b) within a heating range from 25 to 90 °C, using a recirculating water pump (1c).

The reactor was connected to a gasometer located externally to the system, where a silicone
hose was adapted to lead the biogas into the gasometer. The pipes composing the gasometer 1(d)
and 1(e) were filled with acidified saline solution of sulfuric acid (H2SO4) and sodium sulfate
decahydrate (Na2S0O4.10H.0); as such, dissolution of the gasses from the process could be avoided,
enhancing the biogas quantification accuracy.

The biogas produced in the reactor was led into the gasometer, promoting the displacement of
the acidified saline solution inside smaller pipes 1(d) towards the larger pipes 1(e) of gasometer
based on the principle of communicating vessels and, thereby, enabling biogas daily quantification.
Figure 1(g) displays the displacement of acidified saline solution as a function of biogas production.
By comparison, Figure 1(f) shows how the system works when there is no biogas production.
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Tag names

1(a) jacketed anaerobic reactor 1(d) gasometer smaller pipe

1(b) water heating system 1(e) gasometer larger pipe

1(c) water recirculation pump 1(f), 1(g) displacement of the acidified saline solution

1(0)
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FIGURE 1. Experimental Module.

Substrate

Anaerobic digestion used wastewater from cassava processing as a substrate; this residue was
kindly provided by a starch manufacturer from Western Parana state - Brazil (Latitude: -24.427466,
Longitude: -53.979081; Elevation: 346 m). The effluent was previously characterized by
determining the biochemical oxygen demand (BOD), chemical oxygen demand (COD), total
Kjeldahl nitrogen (TKN), phosphorus (P), total alkalinity, total fixed and volatile solids, pH, and
starch concentration following the methodologies presented in Table 1.

TABLE 1. Methods for wastewater characterization.

Variables Methodology

BOD Method 5210B (APHA, 2012)

COD Method 5220B (APHA, 2012)

TKN Method 4500-Norg-C (APHA, 2012)

P Method 4500E (APHA, 2012)

Total Alkalinity Method 2320B (APHA, 2012)

Total Solids, Fixed and Volatile Method 2540G (APHA, 2012)

pH Method 4500 B (APHA, 2012)

Starch Acid digestion in microwaves (CEREDA et al., 2004)

The wastewater was pre-treated to determine the amount of starch and impurities at the end of
the process. For this purpose, starch was separated by decantation. Before characterization,
wastewater passed through sieves to eliminate coarse solid waste, such as cassava husk. However,
the contents of starch and coarse solids were low after decantation and sieving. Immediately
afterward, wastewater was ready for experimental trials without requiring any removal of
impurities.

Inoculum

The sludge of an anaerobic biodigester was used as inoculum, which is applied to the
treatment of wastewater from cassava starch production, being the same effluent as that collected
for the experimental trials. Each temperature testing was preceded by biomass acclimatization to the
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new operating conditions. Prior to performing experimental tests, total volatile solids (TSVi) were
determined by the gravimetric method 2540B (APHA, 2012) since it is an indicator of biologically
active biomass responsible for the biological treatment of wastewater.

Optimization of the anaerobic biodigestion process

After controlling the temperature and the amount of inoculum total volatile solids (TVS;), we
evaluated further effects on the removal of carbonaceous organic matter in terms of COD and
reactor total volatile solids (TVSy), which consists of total volatile solids in the reactor (sum of
inoculum and substrate total volatile solids). This evaluation was made using a Central Composite
Rotational Design (CCRD), which is a factorial scheme of treatments (22), with 4 factorials, 4 axial
points, and 4 replications on the central point, totaling 12 assays. Table 2 shows the matrix of
treatments with encoded and real values of the factors. For each assay, there was the mixture of
inoculum and wastewater to obtain the conditions of TSV; as established by the CCRD matrix.

TABLE 2. Treatment design matrix.

Trial Temperature TVS;

Encoded Values Real Encoded Real

Values (°C) Values Values (%)

1 -1 28 -1 8.0
2 -1 28 1 12.0
3 1 42 -1 8.0
4 1 42 1 12.0
5 -1.41 25 0 10.0
6 1.41 45 0 10.0
7 0 35 -1.41 7.2
8 0 35 1.41 12.8
9 0 35 0 10.0
10 0 35 0 10.0
11 0 35 0 10.0
12 0 35 0 10.0

Wastewater Hydraulic Retention Time (HRT) under anaerobic oxidation was set at 15 days
for all treatments, being defined by preliminary tests. A continuous mechanical stirring was carried
out for sludge disturbance in the reactor.

Wastewater samples were collected at the beginning and at the end of each trial for COD and
TVS; analyses, following the methodologies shown in Table 1. From the data obtained, the
efficiency of carbonaceous oxidation could be ascertained in terms of COD and TVS; removal,
according to the egs (1) and (2), respectively:

Removal COD (%) {CODM —CODgy };100

caoD. ..
initial (1)
™vS . . —TVS
Removal TVS, (%)= Linitil thoal 1100
IVS i 2)

During the experimental phase, when the pH drops below neutrality, sodium hydroxide
(NaOH) (1 M) was added to adjust it 7.0+0.5, which is required to ensure buffering conditions and
reactor stability.

For each response-variable, a quadratic mathematical model representative of the process was
developed from a statistical adjustment of the results, corresponding to all treatments, using
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Statistica software version 7.0 (StatSoft, Tulsa, OK, USA). The mathematical models to encode the
removal rates of COD and TVS; are shown in the eqgs (3) and (4), respectively:

Removal COD (%) = & + ay X, + QX7 + oty Xy + QlppXs + Aty Xy X, (3)

RemovalTVS§ (%)=p, +Px, +1311}’(12 +B,X, +[322X22 +PpXX; 4)

where,
a and B = parameters of the regression model;
X1 = encoded value of temperature,
X2 = encoded value of the rate of total volatile solids in inoculum.

The use of quadratic models allows the optimization of the process by estimating second-
order surface models, which relate the analyzed factors to the response variables (JUMBRI et al.,
2015). Several studies have aimed at optimizing the treatment of organic residues. Such studies
have been controlling several environmental factors which exert an influence on anaerobic
biodigestion efficiency with the purpose of finding an optimal configuration, just based on quadratic
models (DAHUNSI et al., 2016; CHAN et al., 2015).

In order to assess response-variables simultaneously and to find optimum operating values for
controlled independent variables in the system, we applied the desirability function approach, as
proposed by DERRINGER & SUICH (1980), using Statistica software (v. 7.0).

Statistical significance of the mathematical models was tested by analysis of variance
(ANOVA) at a 90% confidence level and, subsequently, validated based on COD and TVS; removal
efficiency data from a validation test. The operational conditions (temperature and TVS;) used in
validation test were obtained by applying the desirability function.

Quantification of the generated biogas

The following information was recorded daily about biogas: produced volume (L), reactor
temperature (TFA-Dostmann thermometer), acidified saline solution temperature (TFA-Dostmann
thermometer), levels (height) of acidified saline solution in large and small piping systems (Figure
1) for estimation of the difference between internal and atmospheric pressures (Barometer
Torricelli). The volume of biogas produced was corrected to the standard temperature and pressure
(STP) conditions by the [eq. (5)]:

I, P -P_
V :V]_ _P( it w ]
P T P
A P (5)
where,
V) = standardized biogas volume (Ln);
V| = biogas volume registered by the gasometer (L);
Tp = standard temperature (273 K);
Ta = room temperature (K);
Pint = internal pressure (mbar);
Pw = steam water pressure (mbar),

Pp = standardized pressure (1,013.25 mbar).

The internal pressure of the gasometer was calculated from the [eq. (6)].
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Pm: = (Patm + pgh]

where,

(6)

Pint = internal pressure (Pa);

Patm = atmospheric pressure (Pa);

p = density of the acidified saline solution (kg m™);

g = gravity (m s2),

h = difference (height) between acidified saline solution levels in the larger and smaller piping (m).

It is believed that water steam may overestimate the biogas volume by 2 to 8% under normal
conditions of temperature and atmospheric pressure. Thus, the steam pressure of water (Pw) was
considered obtain most exact measurements of biogas through [eq. (7)] (STROMBERG et al.,
2014).

p, =| 108 173063 1400
T, —39.724

(7)
where,

Pw = steam pressure (Pa),

Ta = room temperature (K).

The biogas composition was determined by gas chromatography (GC) with weekly sampling.
In each analysis, an aliquot of 0.5 mL biogas was collected with a 2.5-mL glass syringe (Hamilton-
Gastight) for determining the percentage of methane, carbon dioxide, and hydrogen sulfide. The
analysis was performed through GC with thermal conductivity detector (TCD), Plot Q column
packed with 30 m length and an internal diameter of 0.32 mm, using helium as carrier gas. Biogas
composition was determined from calibration curves constructed using reference standards
(synthetic biogas) by different dilutions. The calibration curves were built for the concentrations of
CHa, COg, and H2S, by means of linear regression. For each weekly analysis, done in triplicate, the
areas of chromatogram peaks were placed in the calibration curves to determine the percentage of
each constituent of the biogas generated in the treatment.

The biogas production was monitored until a daily-generated volume no higher than 1% total
cumulative volume, as proposed by MONDARDO et al. (2016). The process stability was
monitored by the analysis of parameters as pH, COD, and TVS;, according to the methods set forth
in Table 1. Furthermore, following recommendations of RIPLEY et al. (1986), the intermediate
alkalinity and partial alkalinity ratio (IA/PA) was monitored to ensure that this proportion remains
close to 0.3. Whenever necessary, sodium hydroxide (NaOH) (1 M) was added to the anaerobic
reactor to provide alkalinity to the mixture.

RESULTS AND DISCUSSION
Wastewater characterization

The main physical and chemical characteristics of wastewater from cassava starch production
of this study are shown in Table 3. As the COD/BOD ratio is 4.2, the wastewater can be considered
biodegradable only if the factors influencing the process are suitable for microbial metabolism. If
the ratio is 5.0 > COD/BOD > 2.5, a proper biological process should be chosen in order to reach a
desirable reduction of organic matter (LOURES et al., 2014).

The pH of the wastewater is 4.02, which is near the 4.37 found by KUCZMAN et al. (2011);
conversely, the concentration of total volatile solids was 5151 mg L™, being lower than the value
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found by the same authors (7510 mg L™). The starch content of the wastewater is 3.20%, which is
below the 6.3% found by SUMAN et al. (2011). A low starch content is important since its
molecular structure, formed by sugars of easy decomposition, generates acids that become improper
substrates for methanogenic bacteria development.

TABLE 3. Characterization of wastewater from cassava starch production.

Variable Value Unity
DQO 6014 mg L™
DBO 1400 mg L*
Starch concentration 3.20 %

Total nitrogen 247 mg L*
Phosphor 83 mg L
Total alkalinity 2021 mg L*
pH 4.02 -

Total solids 6581 mg L*
Total fixed solids 1431 mg L
Total Volatile Solids 5151 mg L

COD and TVSr removals

The TVS; and COD removal efficiencies are shown in Table 4. It can be seen an increased
COD removal at 42 °C and 12.0% TVS; and at 35 °C and 10.0% of TVS;, which accounted for
96.82% and 92.05% (mean values), respectively. A similar result was obtained by FERRAZ et al.
(2009) who evaluated the performance of an anaerobic baffled reactor (ABR) for treatment of
wastewater from cassava processing at 35 °C; they reported a COD removal ranging from 83-92%.
The lower COD efficiency (12.44%) occurred under the conditions of 42 °C and 8.0% of TVS,.

The highest removal of reactor total volatile solids (TVSr) was 69.31% and occurred at 45 °C
and 10.0% TVS;. Yet the least removal was 18.51% at 25 °C and 10.0% TVS;. Both the highest and
lowest TVS: values took place respectively at the highest and lowest system temperatures;
therefore, it is strong indication that temperature may significantly influence the TVS, process.
KUCZMAN et al. (2014) evaluated cassava processing wastewater treatment by a pilot horizontal
tubular anaerobic reactor filled with bamboo pieces, and registered a 75.56% removal of volatile
solids for an HRT of 13 days, being higher than those found in the present study. These results are
related to the use of a support medium in the anaerobic reactor, which increases the contact area of
microorganisms with wastewater, providing greater microbial biomass activity and growth (ADU-
GYAMFI et al., 2012).

According to RIPLEY et al. (1986), IA/PA ratio greater than 0.3 may indicate disturbances in
anaerobic biodigestion since partial alkalinity is related to bicarbonate ions maintaining pH without
major alterations, thus favoring biological activity in the environment. At the end of the process, a
few of the runs of CCRD show IA/PA ratio above the limit (see Table 4). Nonetheless, according to
PEREIRA et al. (2009), each effluent has peculiarities that might keep process stability with values
different of 0.3. Hence, the good efficiency of organic matter removal, even under 1A/ PA ratios
above 0.3, there was stability in the anaerobic reactor tested in this study. Furthermore, pH
remained within the optimal range for anaerobic biodigestion (6.8-7.2) (WARD et al., 2008) for all
experiments. It demonstrates the system capacity of handling the oscillations by acid generation
(PEREIRA et al., 2013).
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TABLE 4. Removal of chemical oxygen demand and total volatile solids in the reactor.
TVSi COD Removal

Trial  Temperature (°C) (%) (%) TVS; Removal (%) IA/PA final ratio
1 28 8.0 41.53 21.90 0.35
2 28 12.0 32.01 55.10 0.32
3 42 8.0 12.44 40.52 0.33
4 42 12.0 96.82 68.90 0.26
5 25 10.0 31.70 18.51 0.30
6 45 10.0 58.49 69.31 0.40
7 35 7.2 14.14 27.97 0.32
8 35 12.8 26.71 33.56 0.29
9 35 10.0 95.09 63.10 0.30
10 35 10.0 90.10 60.30 0.28
11 35 10.0 94.51 57.60 0.38
12 35 10.0 88.50 59.10 0.33

Biogas production and characterization

Table 5 represents the biogas production for the different experimental conditions of the
CCRD. For 35 °C and 10.0% TVS;, production was 0.317 Ln biogas per g COD removed, being
near that of 0.368 Ln biogas per g COD removed (13 days HRT), found by KUCZMAN et al.
(2014).

The explanation for such discrepant biogas production, under the aforementioned conditions,
is due to an intrinsic variability in the biological process during wastewater treatment. In addition,
according to KWIETNIEWSKA & TYS (2014), there are other factors disregarded in the present
study, which can directly influence the biogas production in anaerobic processes, e.g. substrate
toxic substances. The focus here was on evaluating the treatment of wastewater from a cassava
starch production by means of quantifying COD and TVS; removals. Ergo, biogas production was
one of the additional advantages from biodigestion. As can be observed in Table 4, the results were
satisfactory and with good repeatability, allowing the mathematical modeling of the response-
variables.

All treatments produced biogas with methane concentrations above 50%, showing its quality
in terms of calorific value. Conversely, hydrogen sulfide (H2S) concentration was low in all tests,
which, according to IOVANE et al. (2014), is extremely important because it corrodes pipes and
engines, being also toxic to humans.

Besides methane, carbon dioxide, and hydrogen sulfide, other chemical compounds were
found in biogas samples, which were not quantified separately by gas chromatography, e.g. water
vapor, air, hydrogen, ethane, propane, butane, and carbon monoxide. NOOR et al. (2014) describe
the presence of these constituents in biogas at concentrations lower than methane and carbon
dioxide; however, according to AWE et al. (2017), the raw biogas has to be purified to increase its
quality and applicability standards. In short, these compounds made up at most 22.45% of the
biogas composition. Air insertion into the biogas may have occurred at the time of collection, even
though we used a glass syringe with high insulation capacity (Hamilton-Gastight).
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TABLE 5. Biogas production and characterization.

Trial Experimental Biogas Production Characterization Biogas (%)
conditions (Ln biogas g* COD

TEC) TVS (%) removed) CHs CO2 H2S Others
1 28 8.0 0.154 63.25 3281 - 3.94
2 28 12.0 0.066 61.00 20.00 - 19.00
3 42 8.0 0.291 55.23 2230 0.02 22.45
4 42 12.0 0.002 57.20 3351 0.01 9.28
5 25 10.0 0.070 58.25 20.12 - 21.63
6 45 10.0 0.158 5723 2126 - 2151
7 35 7.2 0.194 71.00 29.00 - -
8 35 12.8 0.158 65.00 35.00 - -
9 35 10.0 0.317 63.21 2032 - 16.47
10 35 10.0 0.000 - - - -
11 35 10.0 0.163 65.11 14.09 0.01 20.79
12 35 10.0 0.071 62.52 30.67 0.24 3.57

Influence of the studied factors on removal of COD and TVSr

Table 6 shows that all factors influenced significantly the COD removal since p-value is
below the standard, at a 10% significance. RODRIGUES & IEMMA (2009) stated that given the
great variability in the treatment of effluents using microorganisms, the variables with p values
lower than 10% (p <0.1) should be considered.

Our results are consistent because, according to KWIETNIEWSKA & TYS (2014), they
operate under mesophilic conditions, are significantly affected by temperature, besides showing
high efficiency near 35 °C, which is the central temperature of the present study. Still, as stated by
ZENG et al. (2010), for discontinuous anaerobic processes, the rate of STV; is a key factor directly
affecting the treatment efficiency, representing the biologically active biomass and being
responsible for COD and TVS, removals.

Both temperature (linear term) and TVS; (linear and quadratic terms) significantly influenced
the removal of TVS; since its p-value was lower than the significance level of 10%. The quadratic
term of the temperature and of the interaction between temperature and TVS; had no statistical
significance since their p-values were greater than the adopted significance level. However, in order
to increase the proportion of total response variability, explained by the regression model, no
significant terms were kept in the representative mathematical model.
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TABLE 6. Analysis of variance for COD and TVS;removals.
Factor Sum of Squares Degrees of freedom Average Square p_value

Temperature (LT) 677.18 1 677.18 0.0637*
Temperature (QT) 1260.50 1 1260.50 0.0212*
COD Removal TVSi (LT) 1074.66 1 1074.66 0.0289*
TVSi (QT) 6741.78 1 6741.78 0.0003*
TXTVS; 2204.30 1 2204.30 0.0064*
Residue 789.08 6 131.51
Total 12747.50 11
Temperature (LT) 1357.29 1 1357.29 0.0164*
Temperature (QT) 71.68 1 71.68 0.4766
TVS; Removal TVSi(LT) 604.92 1 604.92 0.0696*
TVSi (QT) 966.27 1 966.27 0.0317*
TXTVS; 5.81 1 5.81 0.8361
Residue 746.58 6 124.43
Total 3752.55 11

Where *Statistically significant with a 90% confidence interval, LT refers to the linear term, while QT refers quadratic term of the
equations 3 and 4.

Table 7 shows the effects of the studied factors on response variables. A factor effect can be
understood as response variance when all levels of this factor are gone through, regardless of other
factors (RODRIGUES & IEMMA, 2009). For COD removal, all factors and interaction between
them were statistically significant. Temperature (linear term), TVS; (linear term), and interaction
between them had positive effects, i.e. the transition from low level to the high level of the factors,
increased the removal of carbonaceous organic matter in the reactor. According to
KARAGIANNIDIS & PERKOULIDIS (2009), increasing temperatures have a positive effect on
the metabolic rate of microorganisms, speeding up the process. The findings also indicate that
higher values of STV increase the removal of STV (ZENG et al., 2010). Temperature and STV
(quadratic terms), as well as their interaction, had a negative effect on the removal of TVS;, but
being significant only STV; once p-value is lower than the significance level of 10%.

TABLE 7. Analysis of effects of COD and TVS, removals.

Factor Effect p-value
Average 92.01 3.72E-06"
Temperature (LT) 18.43 0.0637*
COD Removal Temperature (QT) -40.51 0.0043*
TVSi (LT) 23.21 0.0289*
TVSi (QT) -65.33 0.0003*
TXTVS; 46.95 0.0064*
Average 59.99 0.0000*
Temperature (LT) 26.09 0.0163*
TSV Removal Temperature (QT) -11.45 0.2434
TVSi (LT) 17.42 0.0696*
TVSi (QT) -24.68 0.0317*
TXTVS; -2.41 0.8361

* Statistically significant with a 90% confidence interval

Equations 8 and 9 show the process mathematical models of COD and TVS, removals,
respectively. The coefficients were estimated by multiple linear regression analysis using the least
square method (Table 4) through Statistica software (version 7.0). This method is a mathematical
optimization technique used to search for the best fit of the dataset by minimizing the sum of the
squares of the differences between estimated and observed values.
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Removal COD (%) = 92.01 +9.21x , —20.26x 12 +11.61x , — 32.66x 22 +23.48x X, (8)

Removal TVS_(%) = 59.99 +13.05x, —5.73x 12 +8.71x, —12.34x 22 -1.21x X, 9)

where,
X1 = encoded value of temperature,
X2 = encoded value of the rate of total volatile solids in inoculum.

Equation 10 shows how the coding process was carried out for temperature and TVS; in the
mathematical models.

(10)
where,

xi = Encoded value of independent variable;

zi = Real value of independent variable;

Zm =Mean value between the +1 and -1 levels,

Az: Difference between the +1 and -1 levels.

Equations 11 and 12 express temperature and TVS; encoding for subsequent use in
mathematical models, respectively.
T —35
T=-—=
7 (11)

(12)
where,

T= encoded value of temperature;

Te = temperature employed in anaerobic reactor (°C);

TVS; = encoded value of the rate of total volatile solids in inoculum.

TVSie) = percentage of total volatile solids from the inoculum used in reactor (%).

Statistical validity of the proposed mathematical models

Table 8 displays the analysis of variance (ANOVA) for validation of the mathematical
models. The quadratic models were statistically significant as p-values (0.001 and 0.041,
respectively) were below the significance level of 10%.

The total variability of responses explained by the models were 94 and 80% for COD and
TVS;, respectively. In this context, we may infer that such mathematical models provided a good fit
to the data.
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TABLE 8. Statistical validity of the mathematical model for COD and TVS;, removals.
Change Sum of Degrees of
Sourge Squares frgedom Average Square  p-value  R”
COD Removal Regression 11958.42 5 2391.68 0.001" 0.94
Residues 789.08 6 131.51
Total 12747.50 11
TVS; Removal Regression 3005.97 5 601.19 0.041" 0.80
Residues 746.58 6 124.43
Total 3752.55 11
* Statistically significant at a 90% confidence interval.

Through the response surface approach (Figure 2), we could obtain the values of temperature
and TVS; that promote higher removals of COD (Figure 2a) and TVS; (Figure 2b). For a higher
COD removal, the optimum temperature range was between 34 and 39 °C; yet regarding TVS;, the

values ranged from 9.0 to 11.0%. Lastly, the optimum ranges of temperature and TVS; for
maximization of TVS, removal were 40 to 44 °C and 10.0 to 12.0%, respectively.

Since microorganisms are sensitive to thermal changes, the temperature has a direct effect on
the efficiency of anaerobic processes, altering the speed of substrate utilization (KUMAR & LIN,
2013; CAVINATO et al., 2017). Different studies evaluated the influence of temperature on the
efficiency of anaerobic biodigestion (TIETZ et al., 2014, ZAMANZADEH et al., 2016;

MONTANES et al., 2015). At very high temperatures, this efficiency is drastically reduced and,
when a value of 65 °C is achieved, the process virtually stops.

Both efficiency and stability of the anaerobic biodigestion can be improved by optimizing the
inoculum/ substrate ratio (MOTTE et al., 2013; KAWAI et al., 2014). At high concentrations of
TVS;, the process efficiency is due to a limitation of the available substrate for the development of
microbial biomass, which is relevant to the process since a less addition of inoculum into the
anaerobic biodigester increase the amount of wastewater, without reducing the treatment efficiency.
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FIGURE 2. Response surface for COD (a) and TVS; (b) removals.

Using the desirability function approach proposed by DERRINGER & SUICH (1980), we
could assess the variables-responses simultaneously and find optimum operating values for the
factors under study. Figure 3 shows the optimum values of temperature and TVS; that resulted in a

major removal of COD and TVS;, these values were 39.7 °C (0.65707) and 10.75% of TVS;i (%)
(0.37767).
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FIGURE 3. Application of the desirability function.
Table 9 exhibits the predicted and observed efficiencies for COD and TVS: removals
regarding the optimal operation conditions of the anaerobic reactor. Furthermore, we must infer that

the mathematical models satisfactorily described the COD and TVS: removal efficiency in the
anaerobic reactor, with errors of 4.86 and 6.65%, respectively.

TABLE 9. Experimental validation of the proposed mathematical models.

Variable Expected efficiency (%) Observed efficiency (%) Error (%)
COD Removal 94.85 90.45 4.86
TVS, Removal 67.32 63.12 6.65

CONCLUSIONS

Anaerobic biodigestion of wastewater from the processing of cassava proved to be an efficient
technique for the removal of COD and TVS;. Based on the desirability function approach, the
optimal conditions of operation for the anaerobic reactor are 39.7 °C and 10.75% of TVS..
However, satisfactory results for COD removal can be obtained within a temperature range between
34 and 39 °C and TVS; between 9.0 and 11.0%. For a high removal of TVS,, the anaerobic reactor
should operate within a temperature range between 40 and 44 °C and TVS; between 10.0 and
12.0%.

A high removal of carbonaceous organic material is important in anaerobic digestion in view
of the later stages of the wastewater treatment, especially the aerobic one, once they are required to
the removal of nutrients, mainly nitrogen.

Biogas production was discrepant in the system, what can be justified by an intrinsic
variability of the biological process during wastewater treatment, besides influential factors
disregarded in the present study. However, biogas composition was similar for all experimental
conditions, with a high percentage of methane, which determines produced gas quality and
applicability due to its heat capacity.
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