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Abstract 11 

This study encompasses investigation of treatment of pistachio processing industry wastewaters 12 

in a batch reactor under aerobic conditions, calculation of kinetic parameters and comparison 13 

of different inhibition models. The mixed microorganism culture used in the study was adapted 14 

to pistachio processing industry wastewaters for nearly one month and then concentrations from 15 

50-1000 mg L-1 of pistachio processing industry wastewaters were added to the medium and 16 

treatment was investigated in batch experiments. The Andrews, Han-Levenspiel, Luong and 17 

Aiba biokinetic equations were chosen for the correlations between the concentration of 18 

pistachio processing industry wastewaters and specific growth rates, and the kinetic parameters 19 

in these biokinetic equations were calculated. The µmax, Ks and Ki parameters, included in the 20 

Aiba biokinetic equation providing best fit among the other equations, had values calculated as 21 

0.25 h-1, 19 mg L-1, and 516 mg L-1, respectively. 22 

 23 

Key words Aiba biokinetic equation, biological treatment, mathematical modeling, pistachio 24 

processing industry wastewater 25 

 26 

Introduction 27 

  28 

A member of the Anacardiaceae family, the pistachio includes only 11 species with the most 29 

economic species known to be Pistacia vera L. (Alma et al. 2004). The pistachio was first 30 

cultivated by the Hittites settling in southeast Anatolia and spread to Rome in the 1st century 31 

and then on to Spain and France. The transition of pistachio to America occurred in 1853-54 32 

(Kashaninejad and Tabil 2011). The pistachio grows in suitable microclimates from the 30-45° 33 

parallels in both north and south hemispheres of the globe (FAO 2018). Globally, countries 34 

producing pistachio are generally located in the northern hemisphere, and among these 35 

countries, Iran, USA and Turkey have shared the top three places in terms of production 36 

amounts for many years (FAO 2018). Pistachio yields product in an economic sense in regions 37 

with hot and dry summers (mean 25 °C), but very cool winters (mean 7.2 °C) (Ayfer 1990, 38 

Bilim and Polat 2006). Known as the king of nuts, pistachio may be described as a concentrated 39 

energy pill due to richness in proteins, vitamins and other minerals and nutritional features 40 

(Woodroof 1967). Pistachio contains twice the protein and four times the phosphorus compared 41 

to beef, in addition to being very rich in terms of potassium, iron, vitamin A and vitamin B1 42 

(Woodroof 1967).  43 

 44 

Pistachio harvest occurs in the second half of August and beginning of September in warm 45 

regions like Gaziantep and Şanlıurfa located in Turkey (Ayfer 1964, Onay and Jeffree 2000). 46 

Globally, the pistachio processing industry (PPI) is rapidly developing and Turkey is 3rd place 47 

in pistachio production after Iran and the USA (FAO 2018). In Turkey, a wet system is used to 48 

process pistachio and nearly 6 m3 wastewater per ton is formed (Fil et al. 2014). This rate shows 49 

variability linked to the size of the operation. Pistachio processing industry wastewater (PPIW) 50 
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contains high organic matter with polluting properties like high chemical oxygen demand 51 

(COD), high total organic carbon (TOC) and high total phenol (Fil et al. 2014).  52 

 53 

There are 6 separate stages followed in order to strip the pistachio of the outer red covering. 54 

These stages are soaking, flaking, washing and shelling, empty-full separation, drying and 55 

cracking processes, in order, and the processes in these stages are shown in Fig 1 (Tırınk et al. 56 

2020). 57 

 58 

As seen in Fig 1, investigations of the PPI show that mean 100 m3 day-1 water is used during 59 

flaking and shelling. It is known that nearly 20 m3 wastewater may form after processing 1 ton 60 

of pistachio while this rate may vary linked to the size of the operation (Doğru 2010).  61 

 62 

PPIW contains dense suspended solid matter and phenols in the structure, in addition to high 63 

organic matter with polluting properties. Treatment is very difficult due to the toxic pollutants 64 

and discharge of PPIW into the receiving environment without treatment causes serious 65 

environmental problems. Due to these environmental problems, many studies related to 66 

treatment of PPIW were completed in countries where production occurs, especially; however, 67 

there are limited numbers of studies. Among studies about recycling and treatment of PPIW, a 68 

study investigated the effect of domestic wastewater treatment using the active sludge process 69 

on PPIW (Khademi et al. 2018), in addition to studies listing chemical and biological 70 

alternatives like coagulation/flocculation (Tırınk et al. 2020), Fenton (Demir and Rastgeldi 71 

2018; Bayar et al. 2018), electrocoagulation (Fil et al. 2012; Güçlü 2014; Bayar et al. 2014; 72 

Yılmaz and Köksal 2017; Isik et al. 2020), electrooxidation (Fil et al. 2012; Fil et al. 2014; Isik 73 

et al. 2020), and anaerobic treatment (Gür 2016; Ozay 2018; Gür and Demirer 2019). As a result 74 

of the high chemical oxygen demand of PPIW, there are no studies encountered in the literature 75 

about aerobic treatment.  76 

 77 

As there are limited numbers of studies about treatment of PPIW, studies performed about 78 

similar wastewater will be a guide. Studies to be performed about this topic will contribute to 79 

the global literature while offering technological and economic choices for treatment of PPIW. 80 

This study investigated the biological treatment under aerobic conditions of wastewater due to 81 

production and processing of pistachio cultivated in Gaziantep located in southeast Turkey. 82 

Additionally, kinetic parameter values were calculated using data obtained from experiments 83 

with mixed cultures under aerobic conditions.  84 

 85 

Materials and Methods 86 

 87 

Wastewater and chemical matters 88 

 89 

The PPIW used in the study was obtained from pistachio processing factories located in 90 

Gaziantep province in two different periods and the wastewater characterization is shown in 91 

Table 1 (Tırınk et al. 2020). All chemical agents required for the study were obtained 92 

commercially (Merck and Sigma quality). 93 

 94 

Experimental system 95 

 96 

The study used a reactor with 500 mL volume for batch experiments and the experimental 97 

system is shown in Fig 2. The mixing rate, medium temperature and pH values were chosen as 98 

150 rpm, 25±1 °C, and 7.5±0.5, respectively. The reactor was continuously ventilated during 99 

batch experiments with dissolved oxygen (DO) values kept above 2 mg L-1. 100 
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 101 

Source of culture and culture media 102 

 103 

The microorganisms used for removal in an aerobic medium for PPIW were obtained from 104 

active sludge from the precipitation pool of Erzincan Urban Wastewater Treatment Plant and 105 

from a continuously-fed milk industry wastewater feed tank. Later microorganisms were fed 106 

with PPIW as carbon source and attempts were made to ensure adaptation of microorganisms 107 

to the wastewater. To sustain the viability of microorganisms, a fluid culture medium with 108 

content given in Table 2 was used (Kul and Nuhoğlu 2020; Ucun et al. 2010). 109 

 110 

Analytic techniques  111 

 112 

During the study, total phenol (TP) concentration was determined with the Folin-Ciocalteau 113 

method (Folin and Ciocalteu 1927; Atanassova et al. 2005) with suspended solid matter (SSM) 114 

and microorganism concentrations (X) determined spectrophotometrically at 525 nm 115 

wavelength (Nuhoğlu and Yalçın 2005; Kul and Nuhoğlu 2020). Additionally, for 116 

confirmation, gravimetric microorganism concentrations were tested with the standard methods 117 

(APHA 1995). Nitrate and nitrite concentrations were measured with a Dionex ICS 3000 brand 118 

ion chromatography device, while total organic carbon (TOC) and total nitrogen (TN) 119 

measurements were made with a Teldyne-Tekmar Apollo 9000 analysis device. Phosphate 120 

analysis used ammonium vanadomolybdate with absorbance measured with a 121 

spectrophotometer at 400 nm wavelength. The pH and temperature in the reactor were measured 122 

and recorded continuously with a WTW brand multiline P4 model multiparameter measurement 123 

device according to the electrometric method. The DO amount was determined by dipping an 124 

oximeter probe into the sample according to the membrane electrode method. Other analyses 125 

were performed as shown in standard methods (APHA 1995). 126 

 127 

Biological treatment and microbial kinetics 128 

 129 

The performance of biological processes used for wastewater treatment is linked to the 130 

dynamics of the substrate used and microbial growth. Thus, effective design and operation of 131 

systems requires an understanding of the basic principles of biological reactions and 132 

microorganism proliferation. Kinetic models are used with the aim of defining the removal of 133 

nutritional material from wastewater within the framework of some basic assumptions. Most 134 

biological treatment processes are very complex, operate within mutual interactions and contain 135 

mixed microbiological populations. For this reason, mathematical modelling of wastewater 136 

treatment systems is important to a very high degree. Microbial growth kinetics explain the 137 

substrate oxidation in a biological reactor and the production of biomass forming the total 138 

suspended solid concentration. The simplest and most-commonly used model for wastewater 139 

treatment is Monod kinetics, which is shown in Eq 1 (Winkler 1981; Schugerl 1991; 140 

Tchobanoglous et al. 2003). 141 

 142 µ = µ𝑚𝑎𝑥∗𝑆𝐾𝑠+𝑆         (1) 143 

 144 

Here, μ is the specific reproduction rate (h-1), S is the substrate concentration (COD 145 

concentration in PPIW (mg L-1), and Ks is the semi-saturated constant (mg L-1). 146 

 147 

The Ks and µmax values given in Eq 1 vary according to the microorganisms used and the 148 

substrate type limiting growth in the medium. The Monod equation is mainly used to define 149 

reactions occurring at low rates with very high cell concentrations. In situations where the 150 
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reaction occurs more rapidly, deviations develop in the Monod characteristic curve and it is 151 

inadequate to define the reaction kinetics. Different mathematical models like Andrews 152 

(Andrews 1968), Luong (Luong 1987), Han-Levenspiel (Han and Levenspiel 1988) and Aiba 153 

(Aiba et al. 1968) are successful in defining the effect of substrate inhibition on bacterial activity 154 

rates and these equations are shown in order in Eqs 2-5. These equations are related to the 155 

specific growth rate, in addition to specific substrate consumption rates. 156 

 157 

Andrews  µ = µmax∗S(Ks+S)+(1+ SKi)     (2) 158 

 159 

Luong   µ = µ𝑚𝑎𝑥∗𝑆𝐾𝑠+𝑆 ∗ [1 − 𝑆𝑆𝑚]𝑛
   (3) 160 

 161 

Han-Levenspiel µ = µ𝑚𝑎𝑥 [1 − 𝑆𝑆𝑚]𝑛 ∗ 𝑆𝑆+𝐾𝑠−[1− 𝑆𝑆𝑚]𝑚  (4) 162 

 163 

Aiba   µ = µ𝑚𝑎𝑥∗𝑆𝐾𝑠+𝑆 ∗ 𝑒𝑥𝑝 (− 𝑆𝐾𝑖)   (5) 164 

 165 

Here, Ki is the inhibition constant (mg L-1) and Sm is the maximum substrate concentration that 166 

fully inhibits proliferation. 167 

 168 

Calculation of kinetic parameter values 169 

 170 

After microorganisms were habituated to PPIW in the aerobic medium for nearly one 171 

month, batch experiments began. For batch experiments, the microorganism concentration 172 

(X, mg L-1) was fixed, while different concentrations of PPIW (S, mg L-1) were added to 173 

Erlenmeyer flasks and the variation in concentrations of X, S and TP were monitored over 174 

time.  175 

 176 

To calculate the specific reproduction rate (µ) in this study, Eq 6 was used. The logarithm 177 

of the concentration of X varying over time in each experiment was obtained and the values 178 

were plotted on a graph against time and the μ values were calculated from the linear 179 

section of the slope. 180 

 181 ln 𝑋𝑡 = ln 𝑋0 + 𝜇 ∗ 𝑡       (6) 182 

 183 

Here, Xt is the microorganism concentration at time t (mg L-1) and X0 is the initial 184 

microorganism concentration (mg L-1). 185 

 186 

The initial concentrations of PPIW (S) and specific growth rates (µ) underwent non-linear 187 

regression considering the mathematical equations in Eqs 2-5. Using the obtained values, 188 

the biokinetic parameters in the Andrew, Luong, Han-Levenspiel and Aiba equations were 189 

calculated using the non-linear calculation module in Statistica 7.0 software. 190 

 191 

Mathematical model 192 

 193 

To model the variation occurring in S and X values in the batch reactor, the two-component 194 

Aiba-based biokinetic model was chosen. The mathematical expressions used to calculate S 195 

and X values are given in Eqs 7-8.  196 
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 197 𝑑𝑆𝑑𝑡 = −𝑟1        (7) 198 

 199 𝑑𝑋𝑑𝑡 = 𝑟2        (8) 200 

 201 

Using Equation 7 and Equation 8, the reaction rates were organized as given in Eqs 9-10. 202 

 203 𝑟1 = − μ𝑚𝑎𝑥∗𝑆∗𝑋(𝐾𝑠+𝑆)∗𝑌 ∗ 𝑒𝑥𝑝 (− 𝑆𝐾𝑖)      (9) 204 

 205 𝑟2 = μ𝑚𝑎𝑥∗𝑆∗𝑋(𝐾𝑠+𝑆) ∗ 𝑒𝑥𝑝 (− 𝑆𝐾𝑖) − 𝑏 ∗ 𝑋     (10) 206 

 207 

Here, Y is the yield factor and b is the death constant (h-1). 208 

                                   209 

The yield factor for substrate concentrations (dry biomass weight/substrate weight) was 210 

calculated using Eq 11. 211 

 212 Y = 𝛥𝑋𝛥𝑆         (12) 213 

 214 

Results and Discussion 215 

 216 

Removal from PPIW under aerobic conditions 217 

 218 

For nearly one month, microorganisms used for removal from PPIW were habituated to PPIW 219 

under aerobic conditions. Later, initial microorganism concentrations were kept fixed and 220 

substrate with amounts varying from 50 to 1000 mg L-1 were added and batch experiments 221 

began. During the study, mixing rate was 150 rpm, pH value was 7.5±0.5 and temperature was 222 

set to 25±1 °C. The variation over time for different initial X, S and TP concentrations in the 223 

study is shown in Fig 3.  224 

 225 

Fig 3 shows the easily degraded organic portion of PPIW was consumed by microorganisms 226 

over time. As the initial concentration S increased in the study, the adaptation time for 227 

microorganisms lengthened and in parallel with this, the removal durations of the S 228 

concentrations increased.  229 

 230 

Removal kinetics for PPIW in batch reactor under aerobic conditions 231 

 232 

One of the most important points that requires care when revealing the proliferation kinetics of 233 

microorganisms is choosing the equation showing the correlation between μ and S. Data 234 

obtained from the graphs in Fig 3 and with the aid of Eq 6 calculated the μ value by taking the 235 

variation in the X value over time. For each S0 value, the μ values obtained in the exponential 236 

breeding phase and coefficients using Eqs 2-5 were obtained and shown in Table 3, along with 237 

the graphs in Fig 4. 238 

 239 

All these models mathematically express the inhibition effect of enzymes and substrates on 240 

proliferation of microorganisms. When deciding on the type of inhibition when attempting 241 

enzyme inhibition, the first step is determination of the inhibition type with graphic methods. 242 

Rapid development of computer technology in recent years has ensured linearization of enzyme 243 
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inhibition kinetics and determination with non-linear regression solution techniques without 244 

requiring graphic methods. The non-linear regression solution techniques provide fit of 245 

experimental data to many inhibition models and selection of the most appropriate model is 246 

linked to a variety of assessment criteria. Statistical parameters are one of these assessment 247 

criteria. In the literature, there are many studies related to proliferation of microorganisms in 248 

the presence of inhibitors. In these studies, many parameters like μmax, Ks and Ki can be 249 

determined with graphic methods or with non-linear regression solution techniques (Antunes et 250 

al. 2003). 251 

 252 

Assessment of results obtained after kinetic analyses used the boundary conditions included in 253 

Table 4 (Luong 1987). Among models abiding by the boundary conditions, the kinetic 254 

coefficients for the model with smallest ∑(µ-µ i)
2 total were taken and the model with best fit to 255 

experimental results was identified using Table 3. Here, μₑ* is the largest μ value measured 256 

during experiments. 257 

 258 

The biokinetic parameters (μmax, Ks, Ki , Sm, n and m) calculated with the Andrew, Luong, Han-259 

Levenspiel and Aiba models in studies with similar wastewater and in this study are 260 

comparatively presented in Table 5. 261 

 262 

As can be seen in Table 5, pure and mixed cultures were used to obtain the kinetic profile in 263 

biodegradation processes. The µmax value calculated in this study was identified as 0.2517 h-1 264 

according to the Aiba biokinetic model with best fit. Additionally, the Ks value in this study 265 

was 19.9013 mg L-1 which is relatively smaller than values calculated in other studies, which 266 

may be explained by the high affinity of the mixed culture for PPIW. The Ki value was 516.434 267 

mg L-1 which shows that PPIW may have inhibitory effects at relatively higher concentrations. 268 

The literature shows that differences observed between biokinetic coefficients may be linked to 269 

many factors like environmental factors, differences in dominant microbial species and degree 270 

of adaptation of microbial cultures to wastewater.  271 

 272 

Investigation of fit with Aiba model 273 

 274 

Eqs 9-10 were solved at the same time to calculate the model for variations in S and X values 275 

within the reactor over time. Eqs 9-10 used the Aiba model coefficients. The model accepting 276 

Y=0.32 g g-1 and b=0.001 h-1 was applied to initial concentrations from 50-1000 mg L-1. Results 277 

obtained at the end of experiments may be seen in Fig 5.  278 

 279 

 280 

Fig 5 shows the values obtained for experiments with different S0 concentrations with S and X 281 

values in the reactor found with simultaneous solution of a 2-component simple model range. 282 

The real-time increase in S and X values found higher values than in the model. Profiles 283 

obtained using the same model coefficients for S and X showed deviations from these values. 284 

To improve these deviations, the Berkeley Madonna program curve-fit feature was used and 285 

the program was operated again with b=0.0005-0.008 h-1 and Y=0.2-1 g g-1. The mean of the 286 

different Y and b values found for wastewater concentrations between 50-1000 mg L-1 were 0.3 287 

g g-1 and 0.0005 h-1, respectively. The results obtained with these new optimum Y and b values 288 

can be seen on Fig 6.  289 

 290 

Due to the complicated compounds in PPIW, none of the trialed models were successful in 291 

reflecting the measured substrate variation profiles. All of the trialed models predicted that the 292 
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substrates would be degraded in shorter durations. Contrary to this, as can be seen on graphs 293 

obtained using this data, the model appears to be successful in showing the X variation. 294 

 295 

Of the three biokinetic constants included in the Aiba biokinetic equation, Ki measures the 296 

inhibition intensity caused by the inhibitory material, Ks is the semi-saturated constant and µmax 297 

value explains half of the measured S concentration. The Ks value also shows the affinity of the 298 

microorganism for the substrate. Additionally, if there is a substrate inhibitor, it is not possible 299 

to observe the real µmax value. Thus, Ks gains an assumptive meaning. In this situation, if 300 

dµ/dS=0, the S value reaches maximum value (S*) and the µ value (µ*) at this concentration 301 

must be calculated as given in Eqs 13-14 (Nuhoğlu and Yalçın 2005, Kul and Nuhoğlu 2020). 302 

 303 𝑆∗ =  √𝐾𝑠𝐾𝑖         (13) 304 

 305 µ∗ =  µ𝑚𝑎𝑥2(√𝐾𝑠𝐾𝑖)+1         (14) 306 

 307 

The inhibition value given in Eq 14 reflects not just the Ki value but also the Ks/Ki ratio. Large 308 

Ks/Ki and small µ* values are associated with µmax, and this is the largest inhibition degree 309 

(Nuhoğlu and Yalçın 2005). Using the kinetic constant values calculated for μmax, Ks and Ki 310 

with the aid of Eqs 13-14, the S* and µ* values were calculated as 101.379 mg L-1 and 0.1827 311 

h-1, respectively (Nuhoğlu and Yalçın 2005, Kul and Nuhoğlu, 2020). The graphs obtained with 312 

the aid of these calculated values are shown in Fig 7. 313 

 314 

When Fig 7 is investigated, all the trialed models predicted the substrate would be degraded in 315 

shorter durations. Contrary to this, as can be seen from graphs obtained using data for the model, 316 

more successful graphs were obtained when the S* and µ* values were used to show S and X 317 

variations.  318 

 319 

Conclusion 320 

 321 

In this study attempting to treat the significant pollutant of PPIW in a batch reactor under 322 

aerobic conditions, the following results were obtained. 323 

 324 

The study used a mixed microorganism culture obtained from Erzincan urban active sludge 325 

facility and adapted to PPIW for nearly 1 month and investigated the treatment of PPIW 326 

with different amounts from 50-1000 mg L-1 in batch experiments. Due to the biologically 327 

easily degraded organic matter content, at the end of 12 hours removal efficiency was 83% 328 

for 50 mg L-1 substrate concentration, 85% for 100 mg L-1 substrate concentration, 87% 329 

for 250 mg L-1 substrate concentration, 88% for 500 mg L-1 substrate concentration, 87% 330 

for 750 mg L-1 substrate concentration and 84% for 1000 mg L-1 substrate concentration. 331 

 332 

The Andrews, Han-Levenspiel, Luong and Aiba biokinetic equations were chosen for the 333 

association between initial PPIW concentration and specific growth rate and the kinetic 334 

parameters in these equations were calculated. Considering the regression coefficients (R2) 335 

and ∑(µ-µ i)
2 values for the curves drawn using the model equations and kinetic parameter 336 

values, the biokinetic equation with best fit among the equations was the Aiba. The values 337 

for the µmax, Ks and Ki parameters included in this equation were calculated as 0.25 h-1, 19 338 

mg L-1, and 516 mg L-1, respectively. 339 

 340 

Large Ks/Ki and small µ* values are associated with µ max and this is the largest inhibition degree. 341 
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Using the kinetic constant values calculated for μmax, Ks and Ki, the S* and µ* values were 342 

calculated as 101.379 mg L-1 and 0.1827 h-1. It appeared that the simulation operated with these 343 

values was much more efficient.  344 
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Figures

Figure 1

Production process in the PPIW



Figure 2

Experimental setup used during batch experiments



Figure 3

Variation in X, S and TP concentrations for PPIW with different initial concentrations



Figure 4

Fit of data obtained from PPIW with biological substrate inhibition models



Figure 5

Fit of Aiba biokinetic model to data obtained



Figure 6

Fit of Aiba biokinetic model with obtained data for optimum Y and b values



Figure 7

Fit of Aiba biokinetic model with data for data obtained using S* and µ*


