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Abstract 

The Nigerian oil and gas extraction faces the challenge of treating excessive co-extracted Produced Water (PW) to fulfil 

reinjection or disposal specifications. Deploying a proposed modular bio-oxidation system (Bio-Unit) to treat PW necessitates 

predictive model for this biotreatment process. Thus, this work aimed at formulating mathematical models for predicting and 

simulating the Bio-Unit system. Experimentally determined biokinetic coefficients and other operating parameters were 

incorporated into the developed models and integrated numerically using fourth-order Runge-Kutta algorithm. Model predicted 

values of outlet chemical oxygen demand (COD), total organic carbon (TOC), and bioagent suspended solids (MLSS) were 14.7 

mg/l, 7.02 mg/l, and 3252.0 mg/l, respectively. The percentage deviation of model predicted values from measured values was 

4.3%, 3.1% and 7.9% for COD, TOC and MLSS, respectively. Linear regression between measured values and model predicted 

values gave the best fit value (R2) of 0.9923, 0.9890, and 0.9831 for COD, TOC, and MLSS, respectively, which indicates that 

the formulated model had a significant correlation with the Bio-Unit data and is 99.2%, 98.9%, and 98.3% dependable in 

predicting the parameters. The mean bias error for predicted MLSS, COD and TOC concentrations were -3.67, 4.79 and 3.24, 

respectively, which indicates that the model under-predicted the MLSS, while the COD and TOC concentrations were over-

predicted. Model simulation showed that biosolid retention time of 21 days and hydraulic retention time of 1.0 day resulted in 

98.3% and 98.5% COD and TOC removal. Hence, the formulated models are adequate and recommended for predicting and 

optimizing the Bio-Unit system. 
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1. Introduction 

Oilfield operations generate a tremendous volume of pro-

duced water (PW), characterized by the variable waft and 

composition of poisonous organic and inorganic chemical 

substances, excessive salt content material, and dissolved sol-

ids [1]. While this unsafe waste stream is inevitable in all 

stages of the oil production life cycle, beginning with explo-

ration to drilling, production and abandonment [2-7], most oil 

and gas wells in the Niger Delta location of Nigeria are now 

in their secondary and tertiary oil production levels, which has 

resulted in increased water content of more than 85% in the 

crude oil produced. 

The daily management of PW, through source reduction 

technologies, injection into the non-producing reservoir or 
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disposal to the environment after physicochemical treat-

ments, poses challenges and operational cost to oil and gas 

producers [8], because PW trajectory from these oil/gas 

wells is growing persistently and environmental permissibil-

ity for PW is getting stricter. Injecting PW into abandoned 

and none producing reservoirs/wells is inadequate, because 

these none producing reservoirs/wells cannot accommodate 

the huge volume of PW generated. Physicochemical meth-

ods of treating PW may primarily remove dispersed oil but 

not dissolved petroleum hydrocarbons which are major 

threat to ecosystem [5, 9-12]. 

Different PW treatment innovations have emerged in recent 

times [13-16]. Some hybrid adsorption technologies and novel 

adsorbents have been studied [17-19]. Dai et al. [20] used 

combined fiber coalescence technology to achieve 98.2% re-

moval of oil, and 70% removal of suspended solids from PW. 

Dawery et al. [21] investigated the removal of organic pollu-

tants and metals from PW using prepared activated carbon 

prepared from sewage sludge, activated with chemicals, and 

reported 99.5% removal of pollutants, while the pure sewage 

sludge had 95.2% removal of pollutants. Akinsete et al [22] 

combined banana peel and chemically modified activated car-

bon of Luffa cylindrica as bio-adsorbent to treat PW from Ni-

ger Delta oilfield and reported that the biosorbent reduced the 

heavy metals in the PW below regulatory standards. Similarly, 

Udeagbara et al. [23] combined four bio-adsorbents (orange 

peels, banana peels, sponge gourd i.e., Luffa cylindrica, and 

palm kernel fibers to treat PW from Niger Delta oil fields and 

reported that the combined biosorbents achieved high percent-

age removal of heavy metals in the treated PW. Oyedoh and 

Adam-Urete [24] studied the removal of total hydrocarbon 

content (THC) from PW using activated cow bone carbon as 

biosorbent and reported that biosorbent removed high quantity 

of THC from the PW. PW treatment using adsorption technol-

ogy is energy consuming due to fluid transport via the feed to 

the media [25]. 

Studies have been conducted on the use of coagulants for 

PW treatment. Das et al. [26] investigated PW treatment us-

ing chemical coagulants (aluminum potassium sulphate, so-

dium sulfide, ferric chloride, magnesium oxide, and chitosan) 

and reported that these coagulants efficiently reduced the 

PW pH, turbidity, salinity, total suspended solids (TSS), and 

total dissolved solids (TDS). Odisu and Basikoro [27] eval-

uated the efficiency of PW treatment using plantain pseudo 

stem juice as bio-coagulant, instead of aluminum sulphate 

and reported that the bio-coagulant can efficiently remove 

TSS, TDS, and turbidity from PW. Zolghadr et al. [28] re-

viewed the conventional and hybrid membrane technology 

for PW treatment. Guo et al. [29] evaluated PW treatment 

using combined ultrafiltration-reversed osmosis (UF-RO) 

technique and reported 97.5% chemical oxygen demand 

(COD) removal efficiency. Other technologies such as the 

advanced oxidation processes (AOP) have been viewed as a 

promising technology for PW Treatment. Zhanga et al. [30] 

reported that AOPs exceeded 90% removal of COD and can 

treat recalcitrant pollutants. 

Though the previously mentioned PW treatment innova-

tions can decontaminate PW to reusable or disposable stand-

ards, they have challenges on operability, maintenance, and 

secondary waste stream [31]. While the usage of aforesaid 

biosorbents is not sustainable because they need to be re-

placed regularly and may not be readily available, chemical 

coagulants are very expensive, thus increasing operational 

expenditures (OpEx). AOPs has the demerit of generating 

harmful byproducts and has high OpEx. Membrane technol-

ogy has the challenge of membrane fouling and clogging, 

which necessitates regular cleaning or replacement, thus in-

creasing OpEx. 

The biological method is considered as more efficient and 

less cost PW treatment choice [32-35]. Most dissolved or-

ganic compounds in the PW can be biodegraded provided 

proper microbial consortia is established, maintained, and 

controlled. The import of engaging plethora of microbial 

species with the appropriate metabolic capabilities in de-

grading petroleum hydrocarbon contaminants in any given 

environment, be it natural or engineered system have been 

studied [36-42]. Various biotreatment options for PW han-

dling have been reviewed [43-45]. Alsarayreh et al. [38] re-

viewed PW treatment using microalgae and reported that al-

gal based technology can effectively decontaminate PW. 

Tellez et al. [10] investigated the oilfield PW treatment using 

a continuous flow activated sludge system and reported that 

the system removed 98 – 99% total petroleum hydrocarbon 

(TPH) from the PW. Kardena et al. [46] investigated the 

treatment of synthetic oilfield PW using activated sludge 

system and reported that the system achieved 80.7% and 

82.4% removal of COD at solid retention times of 25 and 20 

days, respectively. 

Advances in activated sludge systems include sequencing 

batch reactor (SBR), which is emerging as a viable technology 

for biotreatment of PW, due to its small footprint and flexibil-

ity. Pandashteh et al. [47] investigated the pretreatment of syn-

thetic and real produced water in a SBR and disclosed that the 

removal rates of COD, total organic content (TOC) and oil and 

grease (O&G) content for the real produced water were 81%, 

83% and 85%, respectively. Also, the options of using SBR 

system as a standalone or in synergy with physicochemical 

methods have been explored. Fakhru’l-Razi et al. [48] inves-

tigated the treatment of oilfield PW using a membrane SBR 

(MSBR) and a combined membrane SBR and reverse osmosis 

(MSBR/RO). They reported that the combined methods 

(MSBR/RO) had high removal efficiency, though there was 

membrane fouling. Khairuddin et al. [49] studied PW treat-

ment using semi-continuous SBR and microalgae photobiore-

actor and reported that the processes showed 64% and 49.8% 

removal of TOC and TDS, respectively. Nwokoma and Dagde 

[50] explored the viability of treating oilfield PW using a mod-

ular Bio-Unit system, which is operated as a fill-and-draw ac-

tivated sludge process and reported that the system efficiently 

removed 98.5% and 97.6% of TOC and COD, respectively, 
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from the PW. 

Mathematical modeling is necessary to optimize the factors 

influencing bio-oxidation efficiency in wastewater treatment 

facilities [51]. Untreated or partially treated PW contains 

harmful substances that pollute the ecosystem. Thus, the mo-

tive of this research is to ensure that the PW discharged into 

the environment is safe to fauna and flora of the oil and gas-

bearing communities. This can be achieved through economic 

and ecofriendly technology that leverages biosystem model-

ing and optimization. Having previously evaluated the perfor-

mance of the modular Bio-Unit system [50], the aim of this 

present work is to formulate mathematical models for predict-

ing the bioprocesses and effluent PW quality (COD and TOC) 

of the modular Bio-Unit system. Formulating a fit-for-purpose 

model, from first principle of mass balance incorporated with 

biokinetics and stoichiometric coefficients gotten from the pi-

lot scale Bio-Unit system, will enable system automation for 

operational control. The simulation of the formulated models 

will enable versatility and optimization of the bioprocess, and 

selection of operating strategies for achieving treatment ob-

jectives within a lean organizational budget. Also, it will aid 

in designing, operating, and controlling other related biologi-

cal systems. 

 

2. Materials and Methods 

2.1. Materials: Description of the Modified 

Produced Water Treatment Unit 

A nearshore crude oil processing terminal located in Niger 

Delta region of Nigeria receives and process crude oil from 

various wellheads. The crude oil comes with PW that needs to 

be treated before disposal to the estuary. The facility has a 

Produced Water Treatment Plant (PWTP), based on physico-

chemical methods (corrugated plate interceptors, induced gas 

flotation, and skimmers and disposal basins). The rectangular 

concrete PW disposal basins were modified into a fill-and-

draw bio-oxidation basins (Bio-Unit) as shown in Figure 1. 

Microbial consortium occurring naturally within the crude oil 

saver pit was harvested and acclimated in the Bio-Unit system. 

Aeration was done using an air instrument from the oil pro-

duction facility. The characteristics of the oilfield PW sample, 

the operation and operating parameters of the retrofitted 

PWTP were reported by Nwokoma and Dagde [50, 52], and 

Nwokoma et al. [53]. The modification of the existing PW dis-

posal basin into a compact biotreatment system as indicated 

by the broken red line, the locally harvested bioagents, and the 

instrument air from the facility make the modular Bio-Unit 

system cost effective and retrofittable into the extant PWTP. 

 
Figure 1. Extant PW treatment retrofitted with modular Bio-Units system. 

2.2. Methods 

2.2.1. Mathematical Modeling of the Bio-Unit System 

 
Figure 2. Schema of the aerobic Bio-Unit cycle. 
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The bio-oxidation unit (Bio-Unit) system operates in a 24-

hour aerobic cycle with five distinct steps: Fill (1 hour), React 

(22 hours), Settle (0.5 hours), Decant (0.5 hours), and Idle 

(0.25 hours), as shown in Figure 2. The cycle operation at-

tained high percentage removal of COD and TOC under these 

conditions. The 1-hour filling period characterized high in-

stantaneous loading factor in the Bio-Unit system [50, 52]. 

The 22-hour reacting period enabled the accomplishment of 

biochemical reactions of slowly biodegradable hydrocarbons 

and readily biodegradable hydrocarbons [50, 52], while the 

0.5-hour settling period allows biosolids to be concentrated 

adequately in the settled volume before decanting. The excess 

biosolids are decanted into a dewatering bag, drained, dried 

and reused for soil enrichment. 

The prime purpose for developing these models is for pre-

diction and control of the bio-oxidation processes occurring in 

the Bio-Unit system. Thus, for avoidance of ambiguity, the 

model formulation assumed that the carbonaceous substrate 

that is divided into slowly and readily biodegradable sub-

strates in ASM1, is only one state variable, measured in terms 

of chemical oxygen demand COD (SCOD), which is a measure 

of available electrons. Quantifying the carbonaceous material 

in terms of a single variable (SCOD), provides a reliable basis 

for describing the Bio-Unit process and enables mass balances 

to be performed on the system on a standard scale. In PW char-

acterization and bioenergetics of microbiological consortium, 

the hydrocarbon pollutants are quantified in terms of lumped 

electron donating capacity which is measured as COD or TOC, 

though there may be slowly biodegradable hydrocarbons and 

recalcitrant organics. The hydrolysis of the slowly/recalcitrant 

biodegradable substrate is a very complex reaction, thus com-

bining the readily biodegradable and slowly/ recalcitrant bio-

degradable fractions together makes mathematical modeling 

of such processes cumbersome. Also, it is difficult to measure 

the slowly biodegradable hydrocarbons and readily biode-

gradable hydrocarbons individually. Kinetic rate expressions 

for the removal of carbonaceous materials (SCOD) and the mi-

crobial growth are described by Monod Equation. It is also 

assumed that bioconversion activities occur only during Fill 

and React periods, and aerobic conditions exist throughout the 

Fill (Mixed /Aerobic filling) and React periods. The experi-

mental results have shown that COD and TOC reduction dur-

ing the other periods (Settle, Decant and Idle) are very negli-

gible [50, 52]. These other periods mainly serve for liquid-

solid separation and excess biosolids wasting and stabilization. 

The mass conservation law defining the Bio-Unit system is 

articulated as follows: 

𝐴𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑅𝑎𝑡𝑒 = 𝐼𝑛𝑝𝑢𝑡 𝑅𝑎𝑡𝑒 − 𝑂𝑢𝑡𝑝𝑢𝑡 𝑅𝑎𝑡𝑒 + 𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 − 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑅𝑎𝑡𝑒           (1) 

Which is translated mathematically as: 

𝑑(𝑉𝐶)

𝑑𝑡
= 𝑞𝑖𝑛𝐶𝑖𝑛 − 𝑞𝑜𝑢𝑡𝐶 ± 𝑉𝑟𝐶            (2) 

where: V = reactor volume (l), 𝑡 = time (h), 𝐶 = time varying 

concentration of component of interest (mg/l), 

𝐶𝑖𝑛 = inlet concentration (mg/l), q = flow rate of component, 

(l/h), 𝑞𝑖𝑛 = inlet flow rate (l/h), 𝑞𝑜𝑢𝑡 = outlet flow rate (l/h), 

𝑟𝐶  = reaction rate of the component. 

Applying the product rule of differentiation to Eq. (2), di-

viding across by V, and re-arranging gives: 

𝑑𝐶

𝑑𝑡
=

𝑞𝑖𝑛

𝑉
𝐶𝑖𝑛 −

𝑞

𝑉
𝐶 −

𝑞𝑜𝑢𝑡

𝑉
𝐶 ± 𝑟𝐶          (3) 

2.2.2. Bio-kinetic Models 

The net rate of generation or consumption of a given com-

ponent 𝑟𝐶𝐼
, is expressed as: 

𝑟C𝐼
= ∑ (𝜗C𝐼𝑗𝜌𝑗)𝐼                (4) 

where: 𝑟𝐶𝐼
 = net rate of generation/consumption of compo-

nent 𝐼, (mg/l.h), 𝜌𝑗  = net expression for process 𝑗, mg/l.h, 

𝜗𝐶𝐼𝑗 = Stoichiometric coefficient relating process 𝑗 to com-

ponent 𝐼. 

The dynamic behaviour of bioagents concentration, which 

is affected by aerobic growth and decay, is given as follows: 

𝑟𝑋ℎ
=  [|𝜇𝑚,ℎ (

𝑆𝐶𝑂𝐷

𝐾𝑆𝐶𝑂𝐷
+𝑆𝐶𝑂𝐷

)| − 𝑏ℎ] 𝑋ℎ       (5) 

where: 𝑟𝑋ℎ
 = rate of reaction for bioagent, 𝑋ℎ  = Bioagents 

concentration (mg/l), 𝑆𝐶𝑂𝐷  = Substrate (COD) concentration 

(mg/l), 

𝜇𝑚,ℎ  = Maximum specific growth rate of bioagents (mg/l), 

𝐾𝑆𝐶𝑂𝐷
 = Substrate (COD) saturation coefficient (mg/l), 𝑏ℎ = 

Decay coefficient for bioagents (1/h). 

The rate of reaction (𝑟𝑆𝐶𝑂𝐷
) describing the degradation of 

Substrate (COD) by the bioagents in aerobic conditions is 

given as: 

𝑟𝑆𝐶𝑂𝐷
=  [−

𝜇𝑚,ℎ 

𝑌
(

𝑆𝐶𝑂𝐷

𝐾𝑆𝐶𝑂𝐷
+𝑆𝐶𝑂𝐷

)] 𝑋ℎ         (6) 

where: 𝑌 = Bioagents yield (𝑚𝑔𝑋ℎ/𝑚𝑔𝑆𝐶𝑂𝐷). 

Having assumed that biochemical reactions occur only in 

the Fill and React stages, thus appropriating Eq. (3) to each of 

these periods in the Bio-Unit cycle will hold as follows: 

For the Fill period: 

During the Fill period, biochemical reactions occur in a re-

actor volume that progressively increases from the initial vol-

ume 𝑉0 to the total volume 𝑉, which can be defined as: 

Time interval: 0 < 𝑡 < 𝑡𝑓𝑖𝑙𝑙 
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𝑉 =  𝑉0 + ∫ 𝑞𝑑𝑡
𝑡𝑓𝑖𝑙𝑙

0
               (7) 

𝑉 =  𝑉0 + 𝑞𝑡                  (8) 

where: 𝑡 = time (hr), 𝑡𝑓𝑖𝑙𝑙  = Filling time (hr), 𝑞 = volumetric 

flow rate 

Professing that there is no component flowing out (
𝑞𝑜𝑢𝑡

𝑉
=

0) during the filling period and assuming a constant flow rate 

(𝑞𝐼,𝑖𝑛 = 𝑞), the mass balance for each element is expressed 

from Eq. (3) as: 

𝑑𝐶𝐼

𝑑𝑡
=

𝑞

𝑉
(𝐶𝐼.𝑖𝑛 − 𝐶𝐼) + 𝑟𝐶𝐼

            (9) 

Eq. (9) is the generalized mass balance for the components 

in the Fill period of the Bio-Unit system, from which the mass 

balance for the individual components can be formulated. 

Thus, the mass balance for the bioagents from Eq. (9) is given 

as: 

𝑑𝑋ℎ

𝑑𝑡
=

𝑞

𝑉
(𝑋𝑖𝑛,ℎ − 𝑋𝑟,ℎ) + 𝑟𝑋ℎ

         (10) 

where: 𝑋𝑟,ℎ = returned biomass. 

𝑋𝑖𝑛,ℎ ≪  𝑋𝑟,ℎ, thus 𝑋𝑖𝑛,ℎ is assumed = 0, so Eq. (10) by re-

arrangement becomes: 

𝑑𝑋ℎ

𝑑𝑡
=  𝑟𝑋ℎ

−  
𝑞𝑋𝑟,ℎ

𝑉𝑋ℎ
              (11) 

Substituting for 𝑟𝑋ℎ
 from Eq. (5) into Eq. (11) gives: 

𝑑𝑋ℎ

𝑑𝑡
=  [𝜇𝑚,ℎ (

𝑆𝐶𝑂𝐷

𝐾𝑆𝐶𝑂𝐷
+𝑆𝐶𝑂𝐷

) − 𝑏ℎ] −
𝑞𝑋𝑟,ℎ

𝑉𝑋ℎ
    (12) 

Where the biosolids retention times (𝜃𝑐), which is the esti-

mated time for the bioagents to be retained in the bioreactor 

before being wasted, is expressed as: 

𝜃𝑐 =
𝑉𝑋ℎ

𝑞𝑋𝑟,ℎ
                  (13) 

However, for the Bio-Unit, a discontinuous activated 

sludge bioreactor, the PW flow rate, q, and the bio-solid wast-

age flow rate must be defined in terms of the total volume pro-

cessed and wasted per day, respectively. Therefore, the effec-

tive biosolids retention times (𝜏) for the Bio-Unit system, 

which is the estimated time for the bioagents to be retained in 

the Bio-Unit multiplied by the fraction of cycle (β) devoted to 

Fill and React periods, is expressed as: 

𝜏 = 𝛽𝜃𝑐                  (14) 

Thus, substituting Eq. (14) into Eq. (12) gives: 

𝑑𝑋ℎ

𝑑𝑡
=  [𝜇𝑚,ℎ (

𝑆𝐶𝑂𝐷

𝐾𝑆𝐶𝑂𝐷
+𝑆𝐶𝑂𝐷

) − 𝑏ℎ] −
1

𝛽𝜃𝑐
       (15) 

Also, the mass balance for the substrate (COD) is expressed 

from Eq. (9) as: 

𝑑𝑆𝐶𝑂𝐷

𝑑𝑡
=

𝑞

𝑉
(𝑆𝐶𝑂𝐷 ,𝑖𝑛− 𝑆𝐶𝑂𝐷) + 𝑟𝑆𝐶𝑂𝐷

         (16) 

The effective hydraulic retention time, HRT (𝜗) for the Bio-

Unit system, defined as the reciprocal of the dilution rate (𝜃) 

multiplied by the fraction of cycle (β) devoted to Fill and Re-

act periods: 

𝜗 =  𝛽𝜃                   (17) 

Thus, substituting Eq. (17) into Eq. (16) yields: 

𝑑𝑆𝐶𝑂𝐷

𝑑𝑡
=

1

𝛽𝜃
(𝑆𝐶𝑂𝐷 ,𝑖𝑛− 𝑆𝐶𝑂𝐷) + 𝑟𝑆𝐶𝑂𝐷          (18) 

Substituting for 𝑟𝑆𝐶𝑂𝐷
 from Eq. (6) into Eq. (19) gives: 

𝑑𝑆𝐶𝑂𝐷

𝑑𝑡
=

1

𝛽𝜃
(𝑆𝐶𝑂𝐷 ,𝑖𝑛− 𝑆𝐶𝑂𝐷) − [

𝜇𝑚,ℎ 

𝑌
(

𝑆𝐶𝑂𝐷

𝐾𝑆𝐶𝑂𝐷
+𝑆𝐶𝑂𝐷

)] 𝑋ℎ(19) 

Eq. (15) and Eq. (19) are the corresponding mathematical 

models that explain how the concentrations of bioagents and 

substrate (COD) in the discontinuous bio-oxidation basin 

(Bio-Unit) change during the Fill period. 

For the React period: 

At time interval: 𝑡𝑓𝑖𝑙𝑙 < 𝑡 < 𝑡𝑟𝑒𝑎𝑐𝑡 , 

Keeping that there is no component flowing in or out of the 

bioreactor, wherein the Bio-Unit operates as a thoroughly 

mixed batch bioreactor system, Eq. (9) will reduce to: 

𝑑𝐶𝐼

𝑑𝑡
=  𝑟𝐶𝐼

                 (20) 

Thus, the mass balance for bio-agents during the React pe-

riod is therefore articulated as: 

𝑑𝑋ℎ

𝑑𝑡
= 𝑟𝑋ℎ

                 (21) 

The mass balance for the readily biodegradable substrate 

during the React period is given as: 

𝑑𝑆𝐶𝑂𝐷

𝑑𝑡
= 𝑟𝑆𝐶𝑂𝐷

              (22) 

Substituting Eq. (5) into Eq. (21) and Eq. (6) into Eq. (22) 

yields: 

𝑑𝑋ℎ

𝑑𝑡
= [|𝜇𝑚,ℎ (

𝑆𝐶𝑂𝐷

𝐾𝑆𝐶𝑂𝐷
+𝑆𝐶𝑂𝐷

)| − 𝑏ℎ] 𝑋ℎ      (23) 

𝑑𝑆𝐶𝑂𝐷

𝑑𝑡
= [−

𝜇𝑚,ℎ 

𝑌
(

𝑆𝐶𝑂𝐷

𝐾𝑆𝐶𝑂𝐷
+𝑆𝐶𝑂𝐷

)] 𝑋ℎ        (24) 

Eq. (23) and Eq. (24) are the respective mathematical mod-
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els describing changes in biomass and substrate (COD) con-

centrations during the React period in the discontinuous bio-

oxidation basin (Bio-Unit). 

2.2.3. Boundary Conditions for Model Equations 

The model equations (Eq. (15) and Eq. (19) for Fill period 

and Eq. (23) and Eq. (24) for React period) can only be solved 

using boundary conditions. Therefore, the following boundary 

conditions hold for the model equations: 

(i). Fill Period 

At the start of the Fill period, assuming sludge wastage at 

the end of the React period: Initial conditions: at 𝑡 = 0, 𝐶𝐼 =

𝐶𝐼(0), i.e., at 𝑡 = 𝑡𝑓𝑖𝑙𝑙(0);  𝑋ℎ =  𝑋ℎ,𝑓𝑖𝑙𝑙(0);  𝑆𝐶𝑂𝐷 =

 𝑆𝐶𝑂𝐷,𝑓𝑖𝑙𝑙(0). 

At the end of the Fill period, 𝑡 = 𝑡𝑓𝑖𝑙𝑙 , 𝐶 = 𝐶𝐼(𝑡𝑓𝑖𝑙𝑙). i.e., at 

𝑡 = 𝑡𝑓𝑖𝑙𝑙 , 𝑋ℎ =  𝑋ℎ,𝑓𝑖𝑙𝑙 ;  𝑆𝐶𝑂𝐷 =  𝑆𝐶𝑂𝐷,𝑓𝑖𝑙𝑙  

(ii). React Period 

Initial conditions for the React period are the same as final 

conditions for the Fill period (i.e., conditions at the end of the 

Fill period (at 𝑡 = 𝑡𝑓𝑖𝑙𝑙 , 𝐶𝐼 = 𝐶𝐼(𝑡𝑓𝑖𝑙𝑙)). These initial condi-

tions are at 𝑡𝑟𝑒𝑎𝑐𝑡(0) = 𝑡𝑓𝑖𝑙𝑙;  𝑋ℎ,𝑟𝑒𝑎𝑐𝑡(0) =

 𝑋ℎ,𝑓𝑖𝑙𝑙 ;  𝑆𝐶𝑂𝐷,𝑟𝑒𝑎𝑐𝑡(0) =  𝑆𝐶𝑂𝐷,𝑓𝑖𝑙𝑙  

At the end of the React period: 𝑡 = 𝑡𝑟𝑒𝑎𝑐𝑡 , 𝐶𝐼 = 𝐶𝐼(𝑡𝑟𝑒𝑎𝑐𝑡). 

i.e., at = 𝑡𝑟𝑒𝑎𝑐𝑡 ;  𝑋ℎ =  𝑋ℎ,𝑟𝑒𝑎𝑐𝑡 ;  𝑆𝐶𝑂𝐷 =  𝑆𝐶𝑂𝐷,𝑟𝑒𝑎𝑐𝑡 . 

2.2.4. Characteristics of the Oilfield PW Sample 

The characteristics of the oilfield PW sample which was 

treated in the pilot scale Bio-Unit system is shown in Table 1 

[52]. 

Table 1. Characteristics of the oilfield PW sample for the biotreatment [52]. 

Parameter Method Value 

Temperature,°C In situ Thermometric 30.5 ± 6 

pH@ 25°C APHA 4500-H+B 7.90 

Total Dissolved Solids, TDS, mg/l APHA 2540C 5754.6 

Total Suspended Solids, TSS, mg/l APHA 2540D 280.3 

Salinity, (Cl-1, mg/l) APHA 4500-Cl-B 3645.8 

Chemical Oxygen Demand, COD, mg/l APHA 5220D 582.5 

Total Organic Carbon, TOC mg/l ASTM D7573-18 466.1 

 

The MLSS was estimated by using the AccuCount fluid test 

method. The MLSS in the PW was extracted from the PW by 

pouring 20 ml of homogenized PW sample into a syringe bar-

rel having a filter attached to it. The PW sample was slowly 

pushed through the filter using the syringe plunger. The filter 

was detached and plunger removed. The filter was re-attached 

to the syringe barrel and 5 ml of cleaner was added into the 

syringe barrel and passed through the filter until it was dry. 

Further drying of the filter was carried out by pushing syringe 

plunger through empty syringe barrel. 1 ml of the extrantant 

was added to the syringe barrel and passed through into a new 

9 ml diluent tube. The diluent tube was capped and inverted 3 

times to mix. 100 µl of sample from diluent tube was drawn 

using pipette tip into an assay tube. 100 µl of ATP enzyme 

was added to the assay tube, swirled gently for 5 times and 

inserted into Luminometer to read off and record the concen-

tration of the MLSS in the assay tube. 

The COD was estimated using APHA 5220D. Firstly, the 

sample was acidified, then vacuum pretreated and prepared 

for measurement. The DRB200 Reactor power was put on and 

set to the COD program. 100 ml of sample was blended until 

homogenized. 9.0 ml of homogenized sample was pipetted 

into a glass mixing cell. The blank was prepared by m 9.0 ml 

of deionized water into another glass mixing cell. 1.0 ml of 

concentrated sulphuric acid was pipetted into both mixing 

cells, closed tightly, and inverted several times. The mixing 

cells were allowed to cool to room temperature. Vacuum pre-

treatment of sample and blank was conducted. The vacuum 

pretreatment device (VPD) was attached to a vacuum pump 

capable of creating a vacuum of 20 – 25 inches of mercury. A 

sample identifier was written on each vial and Mn III COD 

vials were inserted in the numbered hole in the VPD base. The 

vials caps were removed and the VPD top was put. A fresh 

Chloride Removal Cartridge (CRC) was inserted directly 

above each Mn III COD reagent vial and any open holes in the 

VPD were closed with stoppers. The vacuum pump was 

started and the vacuum regulator valve, which is on top the 

VPD, was adjusted until the internal gauge reads 20 inches of 

water. 0.60 ml of acidified blank was pipetted into the CRC. 

0.60 ml of the acidified sample was pipetted into the other 

http://www.sciencepg.com/journal/ajche


American Journal of Chemical Engineering http://www.sciencepg.com/journal/ajche 

 

35 

CRC. The vacuum regulator valve was closed completely for 

1 min to actualize full vacuum, after which the VPD was 

moved back and forth several times to remove drops adhered 

to the CRC. The VPD regulator was turned off and set aside, 

and the used CRC was disposed. The vacuum pretreated sam-

ple and blank were prepared for measurement. The Mn III 

COD reagent vial was removed from the vacuum chamber, 

capped tightly, and inverted severally to mix. The vials were 

inserted in the DRB200 Reactor at 150°C for digestion. After 

1 hour, the vials were removed from the DRB200, allowed to 

cool in a rack for 2 min. The vials were further allowed to cool 

to room temperature in a cool water bath. The DR 6000 pro-

gram 432 COD Mn III was started and the blank vial, after 

cleaning, was inserted into the 16-mm cell holder. The ZERO 

button was pushed to display 0 mg/l. The sample vial was 

clean, inserted into the cell holder and READ button was 

pushed to obtain result in mg/l COD Mn. 

The TOC was estimated by using spectrophotometric 

method (ASTM D7573-18). 25 ml of xylene was added to 500 

ml of produced water sample, and the graduated sample bottle 

was shaken for 5 min. The contents were poured into a sepa-

rating funnel, allowed to settle, and the extracted TOC in xy-

lene was drained off into a centrifuge tube. The produced wa-

ter was collected into the sample bottle and another 25 ml of 

xylene to sample, shaken for 5 min, allowed to settle and ex-

tract drain into the centrifuge tube. The extract in the centri-

fuge tube was spin in a centrifuge machine (at 1500 rpm and 

temperature of 60°C) for 10 min, thereafter it was poured into 

a sample cuvette. The cuvette was put into Spectrophotometer 

(DR 6000), and the absorbance was read off at 425/450 nm 

wavelength and the concentration at that absorbance read from 

a standard concentration calibrated graph. The total oil content 

(TOC) concentration of the sample was calculated as: 

𝑇𝑂𝐶 = 𝐶 ×
𝑉2

𝑉1
                  (25) 

where: 𝐶 = Concentration read from the Spectrophotometer 

(Calibrated graph concentration, mg/l); 𝑉1 = Volume of ex-

tract, l; 𝑉2 = Volume of sample, l. 

2.2.5. Operating/Biokinetic Parameters 

The operating and the biokinetic parameters for the pilot-

scale Bio-Unit process had been experimentally determined as 

reported in Nwokoma et al. [53]. These parameters as shown 

in Tables 2 and 3 were used as the inputs for solving the for-

mulated models. The PW temperature (30.5 ± 6°C) suits the 

Nigerian climate which is mostly tropical with an average sea-

sonal temperature of 21 to 35°C in the Niger Delta region of 

Nigeria. It is also suitable for microbial activity; the optimum 

temperatures for microbiological metabolism are between 25 

and 35°C [54]. 

Table 2. Operating parameters of the pilot-scale Bio-Unit system 

[53]. 

Parameter Value 

Temperature (°C) 30.5 ± 6 

pH (-) 7.7 ± 0.2 

Dissolved Oxygen (mg/l) 3.8 ± 0.2 

Influent COD (𝑆𝐶𝑂𝐷(0)) (mg/l) 582.5 

Influent TOC (𝑆𝑇𝑂𝐶(0)) (mg/l) 466.1 

Initial MLSS (𝑋ℎ(0)) (mg/l) 1000.0 

Hydraulic Retention Time, HRT, (𝜃) (day) 1.0 

Biosolid Retention Time, BRT, (𝜃𝑐) (day) 21 

Influent Flow rate (𝑞) (l/h) 625.0 

Volume (l) 15000 

Cycle fraction for Fill and React Period (β) (-) 0.96 

Table 3. Biokinetic parameters used for solving the Models [53]. 

Coefficient Value 

Maximum Specific Substrate utilization rate, 𝑘𝑚 (d-1) 0.27 

Maximum Specific growth rate, 𝜇𝑚,ℎ  (d-1) 0.24 

Half saturation constant, 𝐾𝑆𝐶𝑂𝐷
 (mg COD/l) 16.28 

Endogenous Decay Rate, 𝑏ℎ (d-1) 0.08 

Yield, 𝑌 (mg MLSS/mg COD) 0.89 

2.2.6. Solution Technique to Model Equations 

The model equations, Eq. (15), Eq. (19) for the Fill period, 

and Eq. (23), Eq. (24) for the React period, which are sets of 

non-linear first-order differential equations, were solved nu-

merically using the fourth-order Runge-Kutta (R-K) method. 

Based on this numerical solution technique, a computer pro-

gram was developed in MATLAB to solve the algorithm. 

3. Results and Discussion 

3.1. Evaluation of Model Predicted Results with 

Experimental Results 

Table 4 shows the model prediction for COD, TOC, and 

MLSS concentrations in the treated PW as compared to the 

experimental data from the pilot-scale Bio-Unit Data [52]. 
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Table 4. Comparison of model predicted values with experimental values from Bio-Unit. 

Time (t) MLSS (mg/l) COD (mg/l) TOC (mg/l) 

Fill Period 

 Predicted Experimental Predicted Experimental Predicted Experimental 

0 1000.0 1000.0 582.5 582.5 466.1 466.1 

1 1172.5 1120.6 277.96 235.4 379.7 349.5 

2 1225.1 1202.8 169.62 166,7 321.1 309.1 

3 1338.4 1315.3 117.31 123.8 292.1 275.3 

4 1496.2 1482.9 101.93 114.3 178.8 212.7 

React Period  

0 1496.2 1482.9 101.93 114.3 178.8 212.7 

1 1861.7 1634.2 110.99 103.2 83.2 95.58 

2 2108.5 2210.1 66.97 62.5 51.9 43.72 

3 2745.8 2976.7 40.82 37.2 19.6 11.51 

4 3252.0 3290.6 14.7 14.1 7.02 6.81 

 

 
Figure 3. MLSS, COD and TOC concentrations profile for the Bio-

Unit cycle time. 

Figure 3 depicts the model prediction of the entire aerobic 

cycle of the Bio-Unit system. It shows that the MLSS concen-

tration increased while the COD and TOC concentrations de-

creased with aerobic cycle time. It indicates high COD and 

TOC removal within the Fill (1 hours) and React periods (22 

hours). As filling time (𝑡𝑓𝑖𝑙𝑙) increased from 0 to 1, the MLSS 

concentration increased from 1000.0 mg/l to 1496.2 mg/l, 

while the COD concentration decreased from 582.5 mg/l to 

101.93 mg/l and the TOC concentration decreased from 466.1 

mg/l to 178.8 mg/l. This indicates that a significant biochem-

ical reaction occurred during the aerated Fill period. The React 

period, which commenced at the end of the Fill period, i.e., at 

𝑡𝑓𝑖𝑙𝑙  = 1 = 𝑡𝑅𝑒𝑎𝑐𝑡 =  0, increased the MLSS concentration ex-

ponentially from 1496.2 mg/l to 3252.0 mg/l, while the COD 

concentration decreased from 101.93 mg/l to 14.7 mg/l and 

TOC from 178.8 mg/l to 7.02 mg/l, while the experimental 

results from the pilot scale Bio-Unit for effluent COD and 

TOC were 14.1 and 6.81 mg/l, respectively. It illustrates the 

high degradation of the targeted pollutants from PW by the 

bioagents during the 19-hour bio-oxidation period. These 

trends agree with other published literature [55]. The other pe-

riods (Settle, Decant and Idle) play mostly the role of liquid-

solid separation and sludge wasting and stabilization. 

The acceptable limits stipulated by the Nigerian Upstream 

Regulatory Commission (NUPRC) for TOC and COD dis-

charged from PW are 10 and 40 mg/l [56], respectively. The 

model prediction demonstrated that the treated PW from the 

pilot scale Bio-Unit system met the TOC (10 mg/l) and COD 

(40 mg/l) regulatory requirements of NUPRC for inland dis-

posal of PW. The model showed that the modular Bio-Unit 

system removed 98.5% of TOC, and 97.5% of COD from the 

PW, while experimental results from the pilot scale Bio-Unit 

showed 98.5% and 97.6% removal, respectively. This indi-

cates that the models can predict the modular Bio-Unit system 

performance reasonably. The model predicted values also 

showed that the modular Bio-Unit system performed compar-

atively better than the conventional activated sludge system, 

which Kardena et al. [46] reported 84% COD removal from a 

synthetic PW, and the fixed bed biological reactor, which 

Lusinier et al. [57] reported 95% COD removal from synthetic 

PW. 

3.2. Linear Regression Analysis of Model Result 

The adequacy and reliability of the model were evaluated 
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by plotting the model predicted values against experimental 

values from the pilot-scale Bio-Unit System. 

 
Figure 4. Model predicted MLSS vs experimental MLSS concentra-

tions. 

Figure 4 shows the linear regression between the experi-

mental and model predicted values of MLSS. The equation the 

line, 𝑦 = 1.0737𝑥 − 129.06, with a best fit value (𝑅2) =

0.9831, indicates that the model is 98.3% reliable in predict-

ing MLSS concentration in the Bio-Unit system, with one data 

point (1861.7, 1634.2) was under-predicted and one data point 

(2745.8, 2976.7) was over-predicted. 

 
Figure 5. Model predicted COD vs experimental COD concentra-

tions. 

Figure 5 shows the linear regression between experimental 

values from the pilot scale Bio-Unit system and model pre-

dicted values of COD. The equation of the line, 𝑦 =

0.9815𝑥 − 1.7335, with a best fit value (𝑅2) = 0.9923, in-

dicates that the developed model is 99.2% reliable in predict-

ing COD concentration in the Bio-Unit system, though one 

data point (277.96, 235.4) was under-predicted, another data 

point (101.93, 114.3) was over-predicted. 

 
Figure 6. Model predicted TOC vs experimental TOC concentrations. 

Figure 6 shows the linear regression between experimental 

values from the pilot scale Bio-Unit system and model pre-

dicted values of TOC. The equation of the line, 𝑦 = 0.966𝑥 +

3.547, with a best fit value (𝑅2) = 0.989, which indicates 

that the formulated model is 98.9% reliable in predicting TOC 

concentration in the Bio-Unit system, with two data points 

(83.2, 9.58) and (178.8, 212.7) were over-predicted. 

The mean bias error (MBE), which quantified the average 

bias within the model prediction was calculated as: 

1

𝑛
∑ (𝑥𝑖 − 𝑦𝑖)𝑛

𝑖=1             (26) 

The percentage deviation of the model prediction from the 

pilot scale Bio-Unit data was calculated as: 

% 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 =
𝑥𝑖−𝑦𝑖

𝑦𝑖
× 100        (27) 

Table 5 shows the MBE, percentage deviation of the model 

predicted values from the pilot-scale Bio-Unit data. 

Table 5. Comparison of model predicted value with experimental values from the pilot-scale Bio-Unit. 

Component Bio-Unit Experimental value (mg/l) Model Prediction (mg/l) Correlation Coefficient (R2) MBE %Deviation 

MLSS 3290.6 3252.0 0.98 -3.67 7.9 

COD 14.1 14.7 0.99 4.79 4.3 

TOC 6.81 7.02 0.99 3.24 3.1 
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The mean bias error (MBE) for the MLSS concentration 

prediction was -3.67, which indicates that the model under-

predicted the MLSS concentration in the Bio-Unit system, 

while the MBE for COD and TOC concentrations were 4.79 

and 3.24, an indication of over-prediction. The percentage de-

viation of the model values from the experimental values is 

7.9%, 4.3% and 3.1% for MLSS, COD and TOC, respectively. 

This shows that the model prediction agrees reasonably with 

the experimental data from the pilot-scale Bio-Unit. The devi-

ations could be attributed to the dynamic behaviour and hy-

draulic complexity associated with discontinuous bioreactor 

systems. It could also result from biological or physicochem-

ical factors such as an underestimation of the endogenous de-

cay rate (𝑏ℎ) used in the model, and/or the removal of volatile 

organics through physical stripping during the intense aeration 

phase. 

3.3. Model Simulation of Operational 

Parameters 

The models were simulated to investigate the effects of crit-

ical operational parameters, namely, the biosolid retention 

time BRT, hydraulic retention time HRT, initial MLSS and 

COD concentrations on the performance of Bio-Unit. The hy-

draulic and bioagents durations in the bio-oxidation system in-

fluence biotreatment efficiency of wastewater. Also, ascer-

taining the actual BRT and HRT will prevent partial bio-oxi-

dation, aid provision of desired microbial growth, and guide 

in selecting optimal operating envelope. Thus, these parame-

ters are vital for the designing of bio-systems for oilfield PW 

treatment. 

3.3.1. Effect of Biosolid Retention Time on the 

Performance of the Bio-Unit System 

The model was simulated for BRT 3, 9, 15, 21, and 27 days, 

while the HRT and MLSS were kept constant at 1 day (24 

hours) and 1000 – 1460 mg/l, respectively. 

 
Figure 7. Effect of BRT on the performance of the Bio-Unit system. 

The effect of BRT on the Bio-Unit efficiency as illustrated 

in Figure 7 shows that COD and TOC concentrations de-

creased with an increase in BRT, while the MLSS increased 

with an increase in BRT. The simulation revealed that COD 

and TOC percentage removal were 54%, 81.3%, 89.3%, 

98.5%, 98.3% and 77.8%, 83.4%, 94.9%, 98.5%, 98.3%, re-

spectively for BRT 3, 9, 15, 21 and 27 days. The simulation 

indicated that 21 days BRT was the optimum conditions for 

attaining COD and TOC concentrations of 14.7 mg/l and 7.02 

mg/l by the Bio-Unit system. This agrees with the pilot scale 

Bio-Unit system, which has been shown to perform efficiently 

at 21 days BRT [52] and Kardena et al. [46] which reported 

that, for 25 and 20 days of BRTs, 80.7 and 82.4% of COD 

were removed from PW treated by the activated sludge system. 

Similarly, Tellez et al. [10] reported that high percentage COD 

was removed in 20 days BRT. The 21 days BRT correlated 

with high performance of the biotreatment of the oilfield PW, 

because it enabled adequate microbial acclimation, increased 

biodiversity of the active biomass, resulting in a wider range 

of biodegradation pathways, increased oxygen transfer rates, 

improved biomass particle size distribution and additional re-

moval of emerging contaminants [58]. BRT controls the den-

sity of biosolids, balancing the microbial consortium growth 

rates against biomass wasting rate. Though, it was reported 

that long BRT could negatively impact the aerobic digestibil-

ity of activated sludge by increasing the fraction of non-bio-

degradable sludge [59], encourage the growth of multicellular 

higher order microbial predators that can feed on sludge flocs 

and increase turbidity by the presence of decaying remains of 

sludge flocs [60]. Therefore, an optimum BRT exists, predi-

cated from a compromise between the gains and losses in the 

various cost terms. The implication of increasing BRT above 

21 days as envisaged by the simulations, is that there would 

be insignificant organo-pollutants removal, due to decreased 

in the biomass active fraction, and microbial decay. Also, 

more oxygen will be used, since oxygen consumption rate in-

creased with BRT because of higher endogenous respiration 

needed [55, 61], thereby increasing operational cost of PW 

treatment. It thus suggests that the BRT should be adequate to 

necessitate ample microbial concentration for optimal biocon-

version of the PW, but should not exceed 21 days, to avoid 

efficiency nose-diving and process dis-economics. 

3.3.2. Effect of Hydraulic Retention Time on the 

Performance of the Bio-Unit System 

Hydrodynamics has direct influences on the effectiveness 

of a biological treatment system. The hydraulic retention time 

(HRT) which is the estimated time a specific volume of 

wastewater in retained in the working volume of a bioreactor, 

is pivotal in preventing unfavourable metabolic activities and 

maintaining a control of biomass concentration.
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Figure 8. Effect of HRT on the performance of the Bio-Unit system. 

HRT influences effluent quality because it correlates the or-

ganic loading, biosolids growth, and organo-pollutant degra-

dation. The simulation to analyze the effect of HRT on the 

Bio-Unit system efficiency was carried out for HRT of 0. 50, 

0.75, 1.00, 1.50 and 1.75 days, while the BRT, and MLSS 

were kept constant at 21 days, 1000 – 1460 mg/l, respectively. 

The result as depicted in Figure 8 illustrated that, for HRT of 

0.50, 0.75, 1.00, 1.50, and 1.75 days, the effluent COD were 

163.9, 98.0, 14.7, and 108.1 mg/l respectively, while the ef-

fluent TOC were 163.9, 81.5, 7.02, 19.9, and 28.5, respec-

tively, and the effluent MLSS were 1437.5, 1944.9, 3552.0, 

2312.9, and 2194.1 mg/l, which indicates 71.9, 83.2, 97.5, 

81.4 and 80.0% COD removal, and 64.8, 82.5, 98.5, 95.7, and 

93.9% TOC removal from the PW. Thus, the simulation re-

sults inferred that HRT of 1.0 day (24 hours) is optimum for 

treating PW using the Bio-Unit system. These trends agree 

with similar publications [10, 46, 62, 63]. This implies that 

there is threshold below which the Bio-Unit performance was 

negated due to organic loading (F/M ratio) dynamics and to 

auto oxidation of the microorganisms, resulted from pro-

tracted HRT [64]. Thus, HRT of 1.0 day (24 hours) was oper-

ationally and economically optimal for PW treatment using 

the Bio-Unit system. Several publications have demonstrated 

that, HRT of ≤ 24 hours encourages high performance of dif-

ferent types of activated sludge configurations treating differ-

ent categories of wastewater [65-69]. 

3.3.3. Effect of Initial MLSS on the Performance of 

the Bio-Unit System 

 
Figure 9. Effect of initial MLSS on the performance of the Bio-Unit 

system. 

The simulation to analyze the effect of initial concentration 

of the microbial consortium on the Bio-Unit efficiency was 

conducted for MLSS of 500.0, 1000.0, 1250.0 and 1500.0 

mg/l, while the BRT, and HRT were kept constant at 21 days, 

1.00 days, respectively. The simulation as plotted in Figure 9 

shows that, for MLSS of 500.0, 1000.0, 1250.0 and 1500.0 

mg/l, the effluent COD were 206.3, 14.7, 16.2, and 17.7 mg/l, 

respectively, while the effluent TOC were 177.9, 7.02, 6.6, 

and 6.3 mg/l, respectively, indicating 64.6, 97.5, 97.2 and 97.0% 

removal of COD, and 61.8, 98.5, 98.6, and 98.6% removal of 

TOC, respectively. Thus, the simulation result showed that the 

Bio-Unit performed optimally at initial MLSS concentration 

of 1000.0 mg/l. The simulation results inferred that the initial 

MLSS concentration has significant effect on the Bio-Unit 

performance. High initial microbial concentration favors bio-

degradation of oil-laden and other related wastewater [70, 71], 

though it can also impact negatively on system operations and 

economies [72]. Also, high initial MLSS concentration in-

creases particle size distribution of the activated sludge flocs, 

bacterial species richness and enhancement of microbial pop-

ulation diversity [73]. 

3.3.4. Effect of Varied Influent COD and TOC on 

the Performance of the Bio-Unit System 

 
Figure 10. Effect of different influent TOC on the performance of the 

Bio-Unit system. 

 
Figure 11. Effect of different influent COD on the performance of the 

Bio-Unit system. 

The effect of influent concentration on the Bio-Unit system 

performance was studied by simulating the formulated model 

for different COD and TOC concentrations, while the BRT, 
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HRT and MLSS were kept constant at 21 days, 1.0 day (24 

hrs.) and 1000 – 1460 mg/l, respectively. The simulation re-

sults for COD as shown in Figure 10, illustrated that, for in-

fluent COD concentrations of 291.25, 436.875, 582.5, 

728.125 and 873.75 mg/l, the effluent COD were 10.3 and 

11.9, 14.7, 51.5 and 78.2 mg/l, respectively, thus achieving 

96.4, 97.2, 97.5, 92.9, 91.1% removal of COD, respectively, 

from the PW. The simulation results for TOC as depicted in 

Figure 11 illustrated that, for influent TOC of 250.0, 466.1, 

650.0, 750, 850.0, 950.0, and 1050.0 mg/l, the effluent TOC 

were 8.5, 7.02, 17.2, 27.4, 31.4, 35.7, and 43.8, respectively, 

thus achieving 96.9, 98.5, 97.4, 96.3, 96.3, 96.2, 95.8% re-

moval of TOC, respectively, from the PW. The result implies 

that, increase in influent COD and TOC concentrations at con-

stant MLSS, BRT and HRT, causes increase in effluent TOC 

and COD concentrations. Grady and Williams [74] reported 

that influent substrate concentration has significant effect on 

the effluent concentration. Increasing the influent concentra-

tion results in an increased organic loading rate, which ad-

versely affects the Bio-Unit system performance. Also, Fig-

ures 10 and 11 illustrate that MLSS concentration relapsed 

gradually to stationary growth, as influent concentrations were 

varied. The stagnated growth could be attributed to substrate 

overloading, which might have gradually overstretched the 

extant enzymatic prowess. 

4 Conclusion 

The capacity, reliability and performance of PW treatment 

technology are very critical for continuous oil and gas produc-

tion, especially in mature oil and gas fields where the ratio of 

water to oil/gas (WOR) production is high. It is demanding to 

reconfigure the extant PW treatment plants with modular bio-

oxidation unit (Bio-Unit) and formulate mathematical models 

predicting and simulating such bioprocess to achieve PW 

specifications for reinjection into well cuttings or disposal into 

the environment. In this work, mathematical models were de-

veloped to predict and simulate the behavior of an oilfield pi-

lot scale modular bio-oxidation unit (Bio-Unit). The models 

were formulated from first principles of mass conservation 

and solved numerically using fourth-order Runge-Kutta algo-

rithms in Matlab software. The formulated models were eval-

uated using the linear regression between experimental values 

from the pilot scale Bio-Unit system and the model predicted 

values. The best fit value, (R2) of 0.9923, 0.9890, and 0.9831, 

for chemical oxygen demand (COD), total organic carbon 

(TOC), and bioagents suspended solids (MLSS), respectively, 

demonstrate that the formulated model had a significant cor-

relation with the pilot-scale Bio-Unit values and is 99.2%, 

98.9%, and 98.3% dependable in predicting the parameters. 

The mean bias error (MBE) was -3.67, 4.79 and 3.24, for the 

predicted MLSS, COD and TOC concentrations, respectively, 

which shows that the model under-predicted the MLSS, while 

the COD and TOC concentrations were over-predicted. The 

model predicted values had 4.3%, 3.1% and 7.9% for COD, 

TOC, and MLSS, respectively, from the Bio-Unit experi-

mental values. The effect of process parameters such as bio-

solid retention time (BRT), hydraulic retention time (HRT), 

and initial bioagents suspended solids (MLSS) on the Bio-

Unit system performance was simulated using the formulated 

models. The simulation demonstrated that 21 days BRT and 1 

day (24 hours) HRT favoured the system efficiency and en-

hanced effluent PW quality. Hence, the formulated models are 

adequate and reliable for predicting and optimizing the Bio-

Unit system. 
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