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Few studies have been conducted on detoxification, metal recovery, and stabilization prior to land-
filling automotive paint sludge as hazardous waste. Most studies have focused on the direct use of 
paint sludge as a sealant and primer, its application in construction materials such as concrete, and 
the extraction of valuable organic and mineral materials from paint sludge. This study was conducted 
to remove heavy metals in batch conditions using indigenous Pseudomonas aeruginosa bacteria in 
water-based paint sludge under semi-continuous conditions, utilizing optimal parameters obtained 
from a previous study with constant parameters of pH 7, a temperature of 32 °C, paint sludge with a 
3 mm mesh, a shaker speed of 180 rpm, and variable parameters of aeration (oxygen) and nutrients 
(glucose) for the removal of zinc and other metals. The results showed that increasing glucose and 
aeration have linear (direct) effects on the removal process of zinc and other metals, along with a 
mutual interaction between these two parameters.
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Introduction
Paint sludge is a waste product of the automotive 
painting process; approximately 40 to 50 percent 
of the paint is wasted, and when mixed with wa-
ter, it produces paint sludge (Ruffino et al., 2023). 
The major source of hazardous waste in the au-
tomotive industry is the painting process and the 
production of paint sludge with toxicity class 2. 
There are two types of paints: water-based and 
solvent-based (Salihoglu et al., 2018), which 
are classified as hazardous waste due to heavy 
metals, uncured polymers, and other organic and 
inorganic contaminants. Each factory produces 
about 2,555 to 4,380 tons of paint sludge in a year 
(Khezri et al., 2013). Most methods for remov-
ing paint sludge pollution have been based on re-
ducing its volume through filtering, dewatering, 
incinerating, and landfill in the ground. (Arce et 
al., 2010 & Khezri et al.,2013). The utilization of 
this waste in the cement, road construction, ac-
tivated carbon, repainting, and colored concrete 
industries is limited (Kulkarni et al., 1975). Paint 
sludge was used as an additive and filler in the 
production of modified bitumen by mixing three 
different types of solvent-based paint sludge 
(primer, base, and clear coat) with bitumen. The 
findings showed that with an increasing amount 
of all three types of paint sludge, ductility and 
penetration decreased, while the softening point 
remained almost unchanged. Modified bitumen 
can be used in waterproofing membranes or seal-
ing applications (Salmani et al., 2025). The syn-
ergistic interaction between sewage sludge and 
paint sludge during the co-pyrolysis process was 
investigated to optimize the treatment of sewage 
sludge in a cement kiln system using thermogravi-
metric analysis (TGA and TGA -mass) (Zhou et 
al., 2024). Few studies have been conducted on 
the use of biological methods such as produc-
ing compost from melanin resin present in paint 
sludge (Tian et al., 2018), reducing nickel, chro-
mium, and BTEX metal pollution by composting 
process (Salihoglu et al., 2018), also reducing 
chromium and C/N ratio to 0.2 mg/kg and 14.3 
units respectively, and reducing BTEX content to 
standard levels after 90 days by vermi-compost-
ing process (Ghomi Avili et al., 2018). In a study, 
water-based paint sludge was composted in five 

separate reactors with added sludge as a substrate 
aid and sunflower stalks as a bulking agent. The 
proportion of paint sludge added to the com-
post mixture varied between 40% and 80%. The 
most efficient composting process was achieved 
with 60% water-based paint sludge, 20% treated 
sludge, and 20% sunflower stalks in the reactor 
(R3). During this process, there was a decrease in 
organic matter content due to the mineralization 
of organic matter and a reduction in waste vol-
ume, consequently. The composting process can 
be a beneficial tool for addressing the challeng-
es of paint sludge management (Uçaroğlu et al., 
2024). as well as bioleaching method in the batch 
condition in reducing heavy metals including 
zinc by Indigenous P. aeruginosa and Acidithio-
bacillus thiooxidans on water-based paint sludge 
and optimizing condition experimental by RSM 
method (Honarjooy et al., 2020& 2021). 
Response Surface Methodology (RSM) is a 
method for optimizing complex processes using 
a multivariate approach and a standard method 
for designing experiments among several differ-
ent variables, which is used in the fields of bi-
ology, chemistry, food, and industry. One type 
of design is central composite design. CCD is 
a method for fitting quadratic surface responses 
and leads to reliable predictions of quadratic and 
linear interactions of parameters affecting the 
process (Naseri et al.,2023).   The reduction of 
zinc and heavy metal by Indigenous P. aerugino-
sa using a semi-continuous bioleaching method 
and its system design by CCD based on the re-
sults of batch process (Honarjooy et al., 2020) is 
the basis of the present study.  

2. Materials and Methods
2.1 Combination of Paint Sludge and 
Microorganisms Used
Water-based paint sludge was air-dried and of 
sieve, 3 mm crossed. Heavy metals before and 
after the bioleaching process determined by the 
EPA 3050B method as described: HNO3 (65%) 
ratio of 1:1 at 90-95 °C for 10 to 15 minutes, 
then was cooled and 5 mL of concentrated HNO3 
was added and refluxed for 30 minutes; again 
was cooled down, followed by adding 2mL of 
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water and 3mL of H2O2 (30%); then, 10mL of 
HCl (37%) was added to the digest reflux sam-
ple for 15 minutes. The digested solution was 
centrifuged at 2000 rpm filtered through a 0.45 
μm filter and diluted to a final volume of 100 mL 
(Navarro et al., 2011); United States Environ-
mental Protection Agency (USEPA, 2010). The 
liquid obtained was measured by the absorption 
spectroscopy model (Spectra Varian AA, 220FS, 
Australia) and ICP. Indigenous Pseudomonas 
aeruginosa bacterium was isolated in research 
from paint sludge and then maintained and ap-
plied in the nutrient broth medium used in these 
studies (Honarjooy et al., 2020).  

2.2 Construction and Running of 
Semi-Continuous System
In continuous systems, the inlet flow rate (Q in) 
is always equal to the outlet flow (Q out), and the 
outlet material concentration (C out) is equal to 
the contents of the reactor tank (Ct). Only the in-
let concentration (C in) to the reactor is different 
(Pathak et al.,2014 & Kim et al.,2005). A 4-liter 
reactor was designed according to Fig. 1, which 
is equipped with an aeration system and a propel-
ler stirrer blade (Mäkinen et al.,2020). 

Figure 1: Semi-Continuous System (a Schematic Plot and 
b) Factual.

                (a)                                          (b)

                        
                   (c)                                       (d)

                   (e)                                              (f)
Figure 2: Some Components that Comprise the Semi-Con-
tinuous System.

The components of the reactor in Fig. 2  stem. an 
air blower for the system, utilizing an aquarium 
air pump equipped with a blower hose and an ad-
justable degree of aeration; the air blower rate was 
determined by a similar experiment to the Marti 
bottle with the formula Q = v/t for aeration rate in 
cubic centimeters. Air was blown at a rate ranging 
from 20 to 40 cubic centimeters per second at the 
bottom of the reactor. b) To establish the mixing 
rate or speed of the shaker, an electric motor with 
a propeller blade, similar to an air conditioning 
fan motor, was connected to a shaved metal rod. 
The assembly (mixer and motor) was connected 
to a graduated dimmer for adjusting the rpm, and 
a magnetic stirrer was also utilized to enhance 
mixing. c) A Lutron model RPM laser meter was 
employed to calibrate the agitator speed at 180 
rpm, achieved by irradiating the impeller with 
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a laser and marking the position on the dimmer. 
d) To maintain temperatures of 32 to 37 °C, an 
aquarium thermocouple with a glass cover was 
installed to withstand acidic conditions. e) An 
alcohol thermometer that can be integrated into 
the reactor body was added to read and control 
system temperature. f) Due to the absence of a 
peristaltic pump in the laboratory, an outlet valve 
was created on the system body, and a graduated 
tank or gallon was positioned above the inlet to 
inject the culture medium (flow rate) to allow the 
culture medium to enter the system at designated 
times. h) The pH adjustment and control in the 
system were performed using a glass pH elec-
trode connected to a Jenway pH meter. The en-
tire reaction tank, mounted on a magnetic shaker, 
along with the system components, was washed 
with 70% alcohol through sterile immersion and 
then with sterile distilled water to initiate the pro-
cess. Semi-continuous system based on optimal 
conditions from previous research (Honarjooy 
et al.,2022), with constant parameters of pH 7, a 
temperature of 32°C, paint sludge of 3 mm size, 
and a shaker speed of 180 rpm. One liter of fresh 
nutrient broth culture medium with a pH of 7 and 
one liter of adapted active bacteria Pseudomonas 
aeruginosa with a cell count with Neobar Lam of 
7.5 × 108 cells/mL were added. Initially, the con-
tents of this 2-liter reactor were run in a non-aer-
ated state with a food source (glucose) to achieve 
stable conditions. The density of waste pulp that 
was tolerable for bacteria in the reactor environ-
ment reached 70 g/l at an optimal temperature 
of 32 °C, and the number of bacteria reached a 
steady state from the logarithmic growth phase, 
similar method studies (Honarjooy et al.,2022 & 
Bahaloo-Horeh et al.,2018). During this period, 
pH changes were not noticeable, so there was no 
need to adjust the pH with sulfuric acid. There-
fore, a constant flow rate of the culture medium 
in the reactor is drawn from the outlet valve at 
the same rate until the number of microorgan-
isms counted remains constant at a density of 7.5 
× 108 cells/ml. This value was obtained in 300 
mL of fresh medium at the inlet. Adding an addi-
tional 100 ml of culture medium caused a sharp 
decrease in microorganisms to below 107, which 
is not desirable for bioleaching. Subsequently, 

one gram of paint sludge was added to the medi-
um sequentially, and bacterial counts were per-
formed along with pH measurements until the 
level was fixed at 70 g/liter of waste (pulp den-
sity). The number of microorganisms counted 
remained constant at approximately 7.5 × 10^8 
cells/ml. In this manner, the reactor became sta-
ble and continuous. Based on the growth curve 
of microorganisms in the bioleaching research, 
the time interval (T) for adding new culture me-
dium and paint sludge to the reactor contents 
was adjusted every two days.
2.3 Experimental Design and Method
The experiment was designed using response 
surface methodology (RSM) and central com-
posite design (CCD) with Design Expert soft-
ware version 11, selecting two parameters: 
oxygen (at three levels of 0, 20, and 40 cubic 
centimeters per second) and the ratio F/M (glu-
cose/bacteria) (0-6-3%), resulting in 13 series of 
experiments to optimize the process. Then, the 
DOE software runs were executed, first in the 
absence of aeration and glucose nutrient condi-
tions for a period of 8 days of hydraulic time, 
and then the remaining test conditions were ex-
ecuted under continuous conditions to optimize 
the bioleaching process. The system output was 
passed through a Whatman No. 4 filter after 
each run. The zinc content was measured in the 
effluent and on the solid residue on the filter. 
The measurements were performed in triplicate, 
along with a control sample, and the percentage 
of zinc removal was determined according to 
(Eq.1) was used to calculate the percentage of 
heavy metal removal in the leach.
Bioleaching = [(Cs × Vs) / (Cf × Mf)] × 100 
(Eq.1)
Where Cs is the concentration of metal in the bi-
oleaching liquid (mg/l), Vs is the volume of bi-
oleaching solution (l), Cf is the amount of metal 
in the paint sludge waste (mg/kg), and Mf is the 
weight of the paint sludge waste (kg) and (Eq. 
2) shows the metal removal percentage in the 
solid part of the residue was reported as follows:
Absorption = [(Ci - Cf) / (Ci)] × 100 (Eq.2)
Where Ci is the metal concentration in the pri-
mary paint sludge before digestion and Cf is 
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the metal concentration in the secondary paint 
sludge after digestion; the residue is in (mg/kg) 
(Xue et al., 2018).
3.3 Results and Discussion
Table 1 shows the amounts of heavy metals pres-
ent in the paint sludge using the 3050B digestion 
method compared to the standard. This indicates 
that some elements, such as zinc and titanium, 
are high in the paint sludge.

Table 1: Properties of Paint Sludge Compared to Sludge 
Disposal Standards.

parameters    Sludge dis-
posal standard

mg/kg

Heavy 
metal in 
primary 

paint sludge 
mg/kg

Cr 1200 290
Zn 2800 63860
Ni 420 160
Cd 39 20
Pb 300 230

 Based on the software design, 13 experiments 
were conducted with different amounts of oxy-
gen and Glucose under optimal reactor condi-
tions, the results of which are shown in Table 2.
Table 2: Parameters, Number of Experimental Runs, and 
Results of Semi- Continuous Bioleaching by Indigenous P. 
aeruginosa.

RUN A: Oxygen  
cm3/sec

B: Glucose 
%

Removal 
Zn  %

1 20 3 32
2 20 6 17
3 20 3 30
4 20 0 20
5 40 3 21.5
6 0 3 21
7 20 3 30
8 0 6 12
9 0 0 14
10 20 3 31
11 40 0 14.25
12 40 6 13.2
13 20 3 32

To assess the data quality, the R², or coefficient 
of determination, which is the ratio of predict-
ed variance to total variance, is utilized. Values 
up to 0.8 are considered acceptable (Montgom-
ery, 2017). Therefore, based on the results of 
the ANOVA in Table 3, the value of 0.97 in this 
study indicates the model’s fit A ratio of predict-
ed to adjusted R² less than 0.2 is acceptable. A 
P-value of less than one indicates that the model 
is significant. Accordingly, the parameters of glu-
cose and the interaction of glucose with oxygen 
are effective in bioleaching.Therefore, based on 
the results of the ANOVA in Table 3, the value of 
0.97 in this study indicates the model’s fit A ratio 
of predicted to adjusted R² less than 0.2 is accept-
able. A P-value of less than one indicates that the 
model is significant. Accordingly, the parameters 
of glucose and the interaction of glucose with 
oxygen are effective in bioleaching.The F-value 
indicates the significance of that parameter in the 
reaction; therefore, the glucose parameter is of 
high importance. In the final equation, (A) Ox-
ygen and (B) Glucose of the model, as given in 
(Eq. 3), show the greatest positive effect of glu-
cose on the bioleaching process. Additionally, 
these two parameters have a positive reciprocal 
effect, and their synergy will reduce zinc metal.

(Removal of zinc %)Y= +13.488 +(0.75×A) 
+ (6.43×B) + (0.003958 ×AB) - (0.0188×A²) - 
(1.4148B²) (Eq.3)

In a similar study on ore oxide in batch bioleach-
ing and removing zinc and copper, the bioleach-
ing process was conducted with Pseudomonas 
at low concentrations of 2%, 4%, 6%, and 8% 
glucose. It was observed that the best removal 
was achieved at a glucose level of 6% for cop-
per and zinc metals. Increasing glucose from 2% 
to 8% enhanced acid production in the environ-
ment, subsequently expanding the metal leach-
ing rate (Shabani et al.,2019). Vishwakarma used 
Pseudomonas aeruginosa to isolate lithium from 
spent batteries due to its strong affinity for Fe3+, 
ability to form stable complexes with various 
metals, and siderophore production. 



Biotechnological Journal of Environmental Microorganisms(BJEM) 2(8) 2024 410-419

415

Table 3: Results of ANOVA Analyses of Bioleaching Paint Sludge by Endogenous P. aeruginosa.

 Table 4: Removal of Heavy Metals in Residual Solids of Paint Sludge on Filters after Bioleaching Processes Using the 
3050B Method.
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The optimal conditions for maximizing sidero-
phore production in sodium succinate (SS) cul-
ture medium were pH (5–9) and glucose content 
(1–5 g/L). Subsequently, the effect of pulp densi-
ty (1–5 g/L) and culture growth period (48–120 
h) on lithium bioleaching was evaluated under 
constant conditions. The reaction temperature 
was 35 °C, and the stirring speed was 150 rpm. 
The results showed that the maximum sidero-
phore production of approximately 52 sidero-
phore units (% siderophore units) was achieved 
within 48 h, at pH 7 with a glucose content of 1 
g/l (Vishwakarma et al.,2024). Very few articles 
have been dedicated to studying the optimal range 
of DO concentrations in bioleaching processes, 
and most reported an inhibitory effect at concen-
trations above 5 ppm. In his study, Guezennec 
investigated the effect in a continuous reactor on 
sulfide tailings with a 20% bacterial consortium 
at concentrations of 4-17 ppm and observed that it 
had an increasing effect on sulfide dissolution ef-
ficiency from 4-13 ppm (Guezennec et al.,2017). 
Our results showed that increasing aeration has 
a positive effect on metal removal. In Rashid’s 
study on  paint sludge treatment and organic load 
reduction, it was observed that by increasing 
dissolved oxygen to 5.5 ppm, aerobic bacteria 
performed better and were able to remove more. 
However, increasing it beyond that point caused 
a decrease in removal, which could be due to the 
toxic effect of oxygen on bacteria (Rashidi et al., 
2017). The model equation indicated that parti-
cle size and temperature exert the largest linear 
effects, respectively. Temperature and shaker ro-
tation speed have positive quadratic effects. The 
most negative effect arises from the interaction 
between temperature and pH parameters, while 
the most positive effect is attributed to particle 
size and shaker rotation speed. The optimized 
utility function in the present study was 0.920. 
The utility ramp of this process with an aeration 
rate of 20.4 cm3/s and a glucose rate of 2.8 g will 
result in maximum zinc removal, as shown in Fig 
3. The percentage of metal removal in the paint 
sludge remaining on the filter before and after the 
bioleaching process under semi-continuous con-
ditions was conducted on the optimized sample 
using the B3050 digestion method, as shown in 

Table 4. 

Figure 3: Numerical Optimization Ramp with Adjusted 
Software on Maximum Response based on Recommenda-
tion DOE between Parameters.

The results indicate that despite the reduction 
of zinc, other toxic pollutants such as chromi-
um, nickel, cadmium, and lead also experienced 
a significant reduction due to the process, even 
reaching below the permissible sludge disposal 
limits indicated in Table 1. The SEM microscop-
ic images in Figure 4 illustrate the texture of the 
paint sludge and the size of the pores.

Figure 4: Morphological Changes of the Surfaces at 500 
Magnification Scale (a) Before, (b) After the Bioleaching 
Process by Endogenous P. aeruginosa, after 7 days under 
the following conditions: Temperature 32°C, RMP 180, 
Particle Size 3, Pulp Density 7, and Optimized Response 
for Oxygen Dissolution 20.4 cm³ /sec, Crocuses 2. 8 g.
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In Fig a), the paint sludge exhibits a coherent tex-
ture with no pores, while in Fig b), after the leach-
ing process, the paint sludge shows more pores 
and visible bacterial organelles on it. Through 
quantitative mapping and SEM-EDX analysis 
of the sample before and after the bioleaching 
process, the weight values of metals decreased 
from 18.77% to 11.7% by weight. This decrease 
in zinc metal from 15.63% by atomic weight to 
0.69% by atomic weight is evident, as demon-
strated in Fig 5. 

Figure 5: EDX Analysis and Mapping (a) Before the Paint 
Sludge Bioleaching Process, (b) After the Bioleaching 
Process with Endogenous P. aeruginosa from the Residual 
Sludge Sample on the Filter.	

4. Conclusion
The results indicate that the semi-continuous bi-
oleaching process is effective in removing zinc, 
which has the highest metal concentration in wa-
ter-based paint sludge. This process is also effec-
tive for other heavy metals and has reduced the 
amounts of these metals to the permissible stand-
ard for sludge disposal in soil. This study demon-
strates that native P. aeruginosa can tolerate up 

to 7 g/l pulp density, with the optimal process 
time being 8 days. The appropriate time to add 
paint sludge for the two-stage bioleaching is also 
12 hours. Glucose serves as a carbon source for 
bacteria and the aeration rate in semi-continuous 
conditions has both linear (direct) and quadratic 
effects. Additionally, there is a mutual interaction 
effect between the parameters of aeration rate and 
nutrients. Aeration has a positive effect on the 
biological leaching process of paint sludge un-
der semi-continuous conditions, resulting in bi-
oleaching outcomes that remove more zinc metal 
than in discontinuous conditions. According to 
the model equation for zinc metal removal by 
the native bacteria Pseudomonas aeruginosa, it is 
recommended that future studies on this bacteri-
um be conducted at temperatures below 32 °C, 
close to ambient temperature, to prevent energy 
loss and reduce pollution from these wastes be-
fore disposal in the environment or incineration 
in a furnace that forms ash. Moreover, to recycle 
precious metals such as titanium and reduce pol-
lution, the disposal of ash from fuel should be 
investigated on a small scale (semi-industrial).
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