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Abstract Bio-removal of heavy metals, using microbial

biomass, increasingly attracting scientific attention due to

their significant role in purification of different types of

wastewaters making it reusable. Heavy metals were

reported to have a significant hazardous effect on human

health, and while the conventional methods of removal

were found to be insufficient; microbial biosorption was

found to be the most suitable alternative. In this work, an

immobilized microbial consortium was generated using

Statistical Design of Experiment (DOE) as a robust method

to screen the efficiency of the microbial isolates in heavy

metal removal process. This is the first report of applying

Statistical DOE to screen the efficacy of microbial isolates

to remove heavy metals instead of screening normal vari-

ables. A mixture of bacterial biomass and fungal spores

was used both in batch and continuous modes to remove

Chromium and Iron ions from industrial effluents. Bakery

yeast was applied as a positive control, and all the obtained

biosorbent isolates showed more significant efficiency in

heavy metal removal. In batch mode, the immobilized

biomass was enclosed in a hanged tea bag-like cellulose

membrane to facilitate the separation of the biosorbent

from the treated solutions, which is one of the main chal-

lenges in applying microbial biosorption at large scale. The

continuous flow removal was performed using fixed bed

mini-bioreactor, and the process was optimized in terms of

pH (6) and flow rates (1 ml/min) using Response Surface

Methodology. The most potential biosorbent microbes

were identified and characterized. The generated microbial

consortia and process succeeded in the total removal of

Chromium ions and more than half of Iron ions both from

standard solutions and industrial effluents.

Keywords Waste water treatment � Biosorption �
Microbial consortium � Bioreactor � Design of experiment �
Microbial immobilization

Introduction

Importance and pollution of River Nile

Due to its vital values for life, water is required in a cleaner

form where plants, animals and humans cannot survive if it

is loaded with high metal concentration, pathogenic

microorganisms and/or hazard chemicals (Frick et al.

1999).

The River Nile is the crucial life artery of Egypt, as it is

the main source of freshwater for irrigation, industry,

domestic uses, a source of power from the hydroelectric

generation facility at Aswan, and a mean of transportation

for goods and people (Afifi et al. 2016). The River Nile

enters Egypt at Adindan village of Nubia (where lake

Nasser started) and runs northward till Cairo for about

1188 km. From Cairo, it streams northwestward for a

distance of about 23 km where Nile delta begins and the

river splits into Damietta (eastern) branch (about 242 km)

and Rosetta (western) branch (about 236 km) (Cumber-

lidge 2009; Rzóska 2012). Egypt was considered among

the ten countries to be suffered from freshwater shortage by
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the year 2025 due to the rapidly increasing population and

limited resources of water (Engelman and LeRoy 1993).

By the beginning of fifties of the 20th century, heavy

industrialization was introduced to Egypt along the Nile, in

Delta, Cairo and Alexandria. Food, Metal Products,

Chemicals and Textile Industries are the most dominant

industrial activities in Egypt (Saeed and Shaker 2008). In

Egypt, it was reported that approximately 350 industrial

facilities that are discharging their wastes either directly or

indirectly into the Nile or through the municipal system

(Abdel-Shafy and Aly 2002).

Unquestionably, the influences of industrial pollution in

Egypt affect all environments including water, air and/or

land. Industrial pollutants contaminating the surface water

caused deadly effects on structure and function of resident

biological communities (Abdel-Satar 2005; Faragallah

et al. 2009). These facts about the present situation of water

quality of the River Nile indicated that obtaining a clean

and safe drinking water may represent a potential challenge

at places suffering from excessive loads of pollutants.

Industrial wastewater treatment is one of the hottest

topics within the scientific community, and a considerable

effort was generated for such processes especially for the

issue of heavy metal contamination. A high concentration

of heavy metals in water supplies is undesirable because of

their potential adverse effects on health, environment and

corrosion of pipelines. Heavy metals are very toxic to

human beings. Muscular and cardiovascular disorders,

liver, brain and kidney damages are all triggered by heavy

metals in drinking water (Sawyer and McCarty 1978).

Heavy metal removal

Processes for eliminating metal ions from aqueous solution

generally consist of physical, chemical and biological

technologies. Standard methods for removing metal ions

from aqueous solution involve chemical and electro coag-

ulation, filtration, membrane technologies, chemical pre-

cipitation, electrochemical treatment, ion exchange,

adsorption on activated carbon, zeolite and evaporation,

etc. (Ali and Gupta 2006). Recently, some wastes were

found to have a significant efficacy in removing different

types of heavy metals including Lead (II) and Nickel (II)

(Olgun and Atar 2012). However, electrochemical treat-

ment and chemical precipitation are ineffective, and also

produce huge quantity of sludge which is required to be

treated with great difficulty. Activated carbon adsorption

process, ion exchange and membrane technologies are

extremely expensive when treating large amount of

wastewater and water containing heavy metal in low con-

centration as a result cannot be employed at large scale (Fu

and Wang 2011).

The development and implementation of cost-effective,

new processes and the application of new generation

adsorbents for removal/recovery of metals are critical to

upgrade the competitiveness of industrial processing

operations (Ali 2012). Disadvantages, together with the

need for more economical and effective methods for the

recovery of metals from wastewaters, resulted in the

development of alternative separation technologies (Wang

and Chen 2006; Ali 2010).

Bisorption

Biosorption, a passive and metabolic independent process,

could be characterized as the removal of heavy metals

using a passive binding process with non-living microor-

ganisms including algae, bacteria, filamentous fungi, and

yeasts (Parvathi and Nagendran 2007), and other biomass

types that are capable of efficiently collecting heavy

metals.

The biosorption process showed many desirable features

including its rapid kinetics of adsorption and desorption,

the selective removal of metals over a wide range of pH

and temperatures in addition to the low capital and oper-

ation cost. Biosorbent could easily be produced using low-

cost growth media or obtained as an industrial by-product

(Ahluwalia and Goyal 2007; Ali et al. 2012). Based upon

the metal binding capacities of various biological materi-

als, biosorption could separate heavy metals from various

waste materials including wastewater effluent even at low

concentrations (Vilar et al. 2007).

The main advantages of biosorption over conventional

treatment methods includes: high removal efficiency for

low concentration solutions, low cost, no additional nutri-

ents required, a minimal amount of chemical and/or bio-

logical sludge and the possibility of biosorbent

regeneration and metal recovery (Vilar et al. 2007). The

sorption of heavy metals onto these biomaterials is attrib-

uted to their constituents, which are mainly carbohydrates,

proteins and phenolic compounds, since they contain

functional groups such as hydroxyls, carboxyls and amines

which were proven to have a vast capability to attach to the

metal ions (Choi and Yun 2006).

Biosorption process could be affected by numerous

factors which usually related to either the biomass and the

metal or the surrounding environmental conditions, and

these major factors are: pH, temperature, nature of the

biomass, biomass concentration, initial concentration and

metal affinity to the biosorbent (Ahalya et al. 2003; Malkoc

and Nuhoglu 2005). Different species of bacteria, yeast and

filamentous fungi were proven to be a potential biosorbent

and were reported to remarkably remove heavy metals

from different waste effluents (Malkoc and Nuhoglu 2005).
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Heavy metal removal was reported to be significantly

enhanced upon optimization of all the variables affecting

the removal processes and could brought down to the ppb

level (Ali et al. 2011).

The main goal of this work is to develop a robust

method to generate a microbial mixture (bacteria and

fungi) that could efficiency remove heavy metals from

industrial effluents by applying statistical design of

experiment as a biosorption screening tool and to test the

ability of the generated microbial mixture in removing

metal ions from real industrial effluents collected from

Egyptian water main stream. Acheiving these targets may

participate in solving the deadly waste problem of the river

Nile which threaten the life of the Egyptian people.

Materials and methods

Samples collection and isolation of the heavy metal

resistant microbes

Water samples were collected from the industrial effluents

discharge pipe of four different factories in Al Dakhliya

governorate, Egypt; these are: Delta Fertilizer Factory

(DFF), Talkha Electric Power Plant (TEP), Marble and

Granite Factory (MGF) and Sandoup Oil and Soup Factory

(SOSF). In addition to water, the sediments near to the

discharge pipes were collected and prepared as reported by

Webster (2008).

Heavy metal contents of the wastewater were deter-

mined using atomic absorption spectro-photometer type

Buck scientific accusys 214/215 according to Wirsen and

Jannasch (1976).

To isolate resistant microbes from the collected samples,

one ml of each of the collected samples was inoculated to a

nutrient agar medium (to isolate resistant bacteria) and

Potato Dextrose agar (PDA) medium (to isolate resistant

fungi). These media were amended with 100 ppm of Cr

(VI) and 100 ppm of Pb (II) separately. The inoculated

bacterial plates were incubated at room temperature

(30–35 �C) for 48 h. The bacterial colonies were collected,

subcultured and purified, and each colony was preserved in

20% glycerol at -80 �C for further work. For fungal iso-

lation, the plates were incubated of at 28 �C for 7 days and

the fungal colonies were collected, sub-cultured, purified

and were preserved on PDA slants for further work.

Screening for the most potential biosorbent

microbes

Eighteen different microbes were screened for their capa-

bility to work as a possible biosorbent for Chromium (VI)

and Lead (II) removal from industrial effluent samples.

Seventeen of them were isolated from the collected

wastewater samples and were found to have a relatively

high resistant against high concentrations of the tested

metals during the Minimal Inhibitory Concentration (MIC)

experiments (data not shown). In addition to the isolated

resistant microbes, a commercially bakery yeast powder

was used as a positive control microbe due to its high

capability to remove heavy metals (Wang and Chen 2006).

The tested bacterial isolates were grown in broth media

(50 ml in each flasks) at room temperature in orbital

shaking incubator till the late log phase (constant

OD600 = 1), and then the bacterial biomass of each was

immobilized using alginate beads as described by Yakup

Arıca et al. (2004). Regarding the resistant fungi, the tested

fungal isolates were grown on solid media and a spore

suspension (the concentrations of the spore suspensions

were determined in a haemocytometer and adjusted to 1.0

to 2.5 9 106) for each was prepared and immobilized using

alginate beads. The beads containing the proposed biomass

were pretreated with 0.1 M HCl as described by Aqeel

Ashraf et al. (2012).

Afterward, the pretreated beads containing the proposed

microbial biomass and fungal spore suspensions were

packaged in Cellulose tissue that was wrapped into a ‘‘tea-

bag’’-like configuration (4 9 4 cm). The tea bag contain-

ing the beads was fixed into the middle of 250 ml glass

beaker flask containing standard heavy metal solution as

described in Fig. 1 with continuous stirring.

The screening strategy was performed using a level III

resolution Plackett–Burman design of experiment which

was found to be efficient in various screening processes

(Plackett and Burman 1946). Plackett–Burman design of

experiment depends on testing the effect of the variables on

two levels (minimum and maximum levels); the maximum

value of the tested microbes was estimated to be 1 g of the

immobilized biomass in the performed trials, while the

minimum value of the tested microbe was calculated as

0.1 g of the immobilized biomass in the performed trials.

Table 1 represents the generated matrix and shows the

performed trials to screen the capability of the tested iso-

lates in the proposed heavy metal removal. A dummy

variable (empty alginate beads) was used to evaluate the

standard error of the design and as a blank to confirm that

the biosorption capability was related to the biomass within

the beads.

The screening experiments were performed with a pre-

pared heavy metal solution with 100 ppm as an initial

concentration for each of the targeted heavy metals (CrIV

and PbII) separately. The immobilized biomass mixtures

(as described in Table 1) were immersed in the heavy

metal solution (batch mode as shown if Fig. 1) with con-

tinues stirring, and the remaining heavy metal concentra-

tions were measured (via atomic absorption method), and
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the percentages of heavy metal removal were calculated as

described in the following equation:

Rate of Biosorption Removal %ð Þ ¼ C � Ci

C
� 100 ð1Þ

where C (ppm) is the initial metal ion concentration, Ci

(ppm) is the metal ion concentration after biosorption. All

the biosorption experiments were repeated three times to

confirm the results. Also, blank experiments were con-

ducted to ensure that no adsorption had taken place on the

walls of the apparatus used.

Identification of the most potential isolates

The most significant microbes (bacteria and fungi) that

were reported to be able to remove heavy metal from the

standard aqueous solutions were identified as following.

Bacterial identification

The Insta-Gene Matrix Genomic kit (Bio-Rad, USA) was

used to extract the total genomic DNA from the isolates

under investigation and used as a template for amplification

of the 16S rRNA gene. PCR reaction was prepared as

followed: 5 ll master mix, 20 ll each of primers 518F (50-
CCA gCAgCCgCggTA ATA Cg -30) and 800R (50-TAC
CAgggT ATC TAA TCC -30), 3 ll of 50 mM MgCl2,

0.5 ll of AmpliTaq DNA polymerase, and 1 ll of genomic

DNA, and the total volume was made up with distilled

water to 50 ll. The PCR products were checked by agarose

gel electrophoresis (1% w/v; 30 min at 100 V, 0.59

TBE).The amplified fragments were compared with 100 bp

molecular size marker (MBI Fermentas, Lithuania). The

PCR product was stored at -20 �C.
The PCR product was purified using Montage PCR

Clean up kit (Millipore) before being sequenced.

Sequencing was performed by using ABI PRISM�-

BigDyeTM Terminator Cycle Sequencing Kits. A 2 ll of
the kit was mixed with 5 ll of PCR mixture in a 1.5 ml

sterile screw tube, incubated for 15 min at 37 �C, followed
by a second incubation for 15 min at 80 �C. The purified

PCR product was then sequenced using an Applied

Biosystem model 3730XL automated DNA sequencing

system (Applied BioSystems, USA). The quality and

quantity of the sequence obtained were checked with Finch

TV version 1.4.0. While, DNA baser (version 3.55.0.199)

software was used to assemble the gene. The sequence was

identified by BLAST and SeqMatch against Genbank

database.

Fungal identification

Potato Dextrose Agar (PDA) was used for culturing fungi.

The most potential fungi were identified based on the

observation of cultural and morphological characteristics,

color of colony and sporulation. Examination was carried

out using needle-mount preparation whereby fragments of

the sporing surface of the culture was taken. This was

teased out in drop of alcohol on a cleaned glass slide using

needle. The fragment was stained by adding a drop of

lactophenol. A cover slip was applied carefully avoiding air

bubbles, and the preparation was examined under light

microscope (Barnett and Hunter 1972).

Time trajectory for heavy metal removal in batch

mode

Using the same setting (as shown in Fig. 1), the most

potential microorganisms immobilized biomasses were

used as microbial consortia to remove the targeted heavy

metals separately. For Pb (II) removal, a microbial

Fig. 1 Setup for screening of

the most potential biosorbent

biomass for proposed heavy

metal removal process in a

batch mode
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consortia of (Pb26BSP, Pb3BA, Cr56FSU and Saccha-

romyces), while for Cr (IV) removal, a microbial consortia

of (Cr3BA, Cr5FA, Pb26BSP, Cr15BW, Pb11BW and

Pb55BSU) were used. The initial heavy metal concentra-

tion was 100 ppm, and samples were taken at time intervals

of (0, 5, 10, 15, 25, 35, 40 and 45 min), and subsequently,

the concentration of each heavy metal was measured using

the atomic absorption set and rate of heavy metal removal

was calculated.

After testing the capability of the generated microbial

consortia to remove the targeted heavy metal ions from the

prepared solution, the same setting was performed using

the industrial waste effluents to confirm the capability to

remove the targeted heavy metals from the actual wastes.

Continuous flow removal of heavy metals and its

optimization

A continuous removal of the targeted heavy metals, from

selected industrial effluents, was performed using a fixed bed

mini-reactor with chosen immobilized biomass of the most

potential isolates; the setup of the continuous removal is

shown in Fig. 2. Different initial pH and flow rates were used

by generating a Central Composite Design matrix (Table 3)

to determine the optimum removal conditionswhen applying

such reactor in heavy metal removal processes.

In order to optimize the heavy metal removal, two

variables (flow rate and pH) were optimized using a Cen-

tral Composite Design (CCD) with five levels for each

variable. The tested pH ranges from 5.5 to 8.5, and the

tested flow rates ranges from 1 to 15 ml/min.

Results and discussion

Wastewater sample collection and isolation

of the heavy metal resistant microbes

From the collected effluents and sediments, One hundred

and two bacterial strains and one hundred and eleven

fungal strains were isolated on nutrient media containing

100 ppm of Cr (IV) and Pb (II) separately to ensure the

preselection of potential heavy metal resistant isolates.

Screening for the most potential biosorbent

microbes

Plackett–Burman design of experiments was applied to

screen the most potential microbial isolates for their

biosorption capability. Plackett–Burman design of experi-

ments is a level III design which determines the main effect

of a large number of variables on a certain process and was

reported to be efficient in a vast number of microbial

processes (El razak et al. 2014). The microbial mixtures

were prepared (according to the generated matrix in

Table 1) and applied in a batch mode to examine the

efficiency of the tested microbial mixtures to remove Cr

(IV) and Pb (II) from the prepared solution. The rate of

removal, of each of the targeted ions, in each trial was

calculated and used as a response (Table 1) to be analyzed

and maximizing the removal rate capability as a target.

Eighteen different isolated microbes were used to per-

form such experiment. They were selected due to their

capability to grow and resist relatively high concentrations

of the targeted heavy metals when amended to the culti-

vation media. The used biomass was pretreated bacterial

biomass and fungal spores.

In addition to the isolated heavy metal resistant

microbes, dried immobilized bakery yeast biomass was

used as a positive control, as yeast was previously reported

to remove a vast number of heavy metals from aqueous

solutions in an efficient way (Ahluwalia and Goyal 2007;

Wang and Chen 2006). A dummy variable (empty alginate

beads) was used to evaluate the standard error of the design

and as a blank to confirm that the biosorption capability

was related to the biomass within the beads. The tested

isolates were selected according to their relative high

resistant against high concentrations of the tested metals

during the preliminary Minimal Inhibitory Concentration

(MIC) experiments (data not shown).

Fig. 2 Setup of the continuous

flow heavy metal removal

process using fixed bed reactor

with immobilized biomass
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The Chromium ions were totally removed in most of the

trials indicating the successful ability of the generated

microbial mixture to remove such heavy metal from

aqueous solutions. Although the microbial mixtures suc-

ceed in removing the Chromium ions completely, the

removal rate of Lead ions did not exceed 75% (Trial

number 2, at Table 1) which considered as a satisfied rate.

One of the main challenges in applying biomass for

heavy metal removal in industrial scale is recollection of

the used biomass after the heavy metal removal process. In

this work, the immobilized biomass was used for not

contaminating the outlet effluent and these immobilized

biomasses were hanged in a tea bag-like tissue (as shown in

Fig. 1) to facilitate the collection process and separate

them from the treated solution (industrial waste).

The used biomass (bacterial biomass and fungal spores)

were pretreated by soaking in a light acidic solution which

lead to enhance the biosorption capability and remove any

by-products which may have a hazardous effect on the

environment (Aqeel Ashraf et al. 2012).

The obtained data were exposed to a multi-way

ANOVA analysis to explore the most significant microbes

with a potential capability to remove the tested heavy

metals (Table 2).

According to the statistical analysis, microbial biomass

with significant effect on heavy metal removal had a

P value\0.05 (marked with bold and asterisk) for a 95%

level of confidence. Pareto-chart (Fig. 3) summarize the

biomass with significant effect on heavy metal removal

(significant variables are crossing the red line), where

(a) showed the organisms that significantly remove Cr (IV)

ions while (b) showed the organisms that significantly

remove Pb (II) ions from the prepared aqueous solution.

According to the results obtained, the following organ-

isms including; Cr3BA, Cr5FA, Pb26BSP, Cr15BW,

Pb11BW and Pb55BSU were found to be the most potential

microbes to be efficient in removing Chromium ions, while

organisms Pb26BSP, Pb3BA, bakery yeast and Cr56FSU

were found to be the most potential microbes to be efficient

in removing Lead ions. All of the selected organisms

showed a statistically significant effect on removing the

targeted heavy metal ions with P values\0.05 at level of

confidence of 95% except the isolate Cr56FSU which had a

P value of 0.054, which was very close to be significant, so

it was decided for not neglecting its efficacy especially that

for Pb (II) ions removal only three isolates were found to

be significant.

According to our results, the selected potentials microbes

for the removal of Cr (IV) ions were found to be even better

than bakery yeast (the positive control) although its known

efficacy in heavy metal removal. For Pb (II) ions removal,

bakery yeast came as third after the isolates Pb26BSP and

Pb3BAwhichwere reported to bemore significantly efficient

in heavy metal removal capability.

Time trajectory for heavy metal removal in batch

mode

The selected potential microbes were used as consortia to

remove each of the tested metal ions separately. A batch

mode was applied (as shown in Fig. 1), using the same

settings, to remove the tested heavy metals from industrial

Table 2 Estimated effects and

coefficients for rate of heavy

metals removal (coded units)

Terms Rate of Chromium removal (%) Rate of Lead removal (%)

Effect Coef T value P value Effect Coef T value P value

Cr3BA -4.710 -2.355 -5.40 0.012* 0.780 0.390 0.30 0.784

Pb56BSU -2.190 -1.095 -2.51 0.087 -5.240 -2.620 -2.01 0.138

Cr5FA 3.090 1.545 3.54 0.038* 0.340 0.170 0.24 0.852

Cr56FSU 0.890 0.445 1.02 0.383 -8.040 -4.020 -3.09 0.054

Pb26BSP -3.430 -1.715 -3.93 0.029* -13.160 -6.580 -5.05 0.015*

Cr15BW 4.170 2.085 4.78 0.017* 0.560 0.280 0.22 0.843

Cr17BW -2.550 -1.275 -2.92 0.061 2.680 1.340 1.03 0.379

Pb11BW -4.150 -2.075 -4.76 0.018* -1.180 -0.590 -0.45 0.681

Pb5BA 0.730 0.365 0.84 0.464 -1.700 -0.850 -0.65 0.560

Cr22FW 1.950 0.975 2.24 0.111 -6.840 -3.420 -2.63 0.079

Yeast 2.530 1.265 2.90 0.063 -10.600 -5.300 -4.07 0.027*

Pb3BA 1.130 0.565 1.30 0.286 17.900 8.950 6.87 0.006*

Cr7BA 2.210 1.105 2.53 0.085 -0.500 -0.250 -0.19 0.860

Cr19FW -1.630 -0.815 -1.87 0.159 3.940 1.970 1.51 0.227

Pb1BA 2.750 1.375 3.15 0.051 -1.280 -0.640 -0.49 0.657

Pb55BSU -6.910 -3.455 -7.92 0.004* -3.100 -1.550 -1.19 0.319

Pb4FA 0.340 0.170 0.24 0.852 5.980 2.990 2.30 0.105
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effluents. The heavy metal ions concentrations were mon-

itored and tested at time intervals. Figure 4 shows the

heavy metal removal over time using the proposed

microbial mixtures.

The used microbial consortium achieved a 100%

removal of Cr (IV) ions from the industrial effluents within

10 min (approximately 60% after 5 min), while only 55%

of Pb (II) ions were removed from the industrial effluents

in the proposed process.

Applying the immobilized microbial mixture, hanged in

the tea bag like, on removing heavy metal from industrial

effluent showed a complete removal of Cr (IV) ions and

removed half of the Pb (II) ions which indicate the effi-

ciency of the generated consortia in removing the targeted

metals even in the presence of a mixture of heavy metals

(Iron, Chromium, Cadmium, Nickel, Copper, Cobalt and

zinc). The capability of the generated consortia to remove

the target ions indicates its high selectivity which could be

considered as a significant criteria.

Continuous flow removal of heavy metals and its

optimization

The continuous removal of the target heavy metals was

performed as with the setup as shown in Fig. 2. Continuous

removal using adsorption column was proven to be the

most efficient method in heavy metal removal at different

scales including pilot and industrial scales (Ali 2014).

Fixed bed reactors were proven to be an efficient tool to

remove many wastes and ions including Lead, Nickel,
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Fig. 3 Pareto-chart of the standardized effect showing the significance of each immobilized biomass as a biosorbent on a removal of Cr (IV) and

b removal of Pb (II). Any organism effect cross the red line is considered as a statistically significant
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Phosphate and Nitrate (Olgun and Atar 2012; Olgun et al.

2013) The generated microbial consortium was loaded in

fixed bed reactor, and the industrial effluents passed

through the column then the amount of the adsorbed metals

were calculated.

In order to enhance the heavy metal removal during the

continuous process, different variables including different

flow rates and initial pH (as shown in Table 3) were

examined to determine the optimum condition for heavy

metal removal by the proposed microbial biomass con-

sortia and maximize their biosorption capability.

Even in continuous removal, Cr (IV) ions were nearly

completely removed (98% removal in Trial number 7)

from the prepared solution with pH = 6 and flow rate of

5 ml/min as the best tested conditions. The same conditions

achieved 55% removal of Pb (II) ions from the prepared

solution. Central composite design was reported to deter-

mine the precise optimum conditions for different micro-

bial processes on different scales (Abd Elrazak et al. 2013).

The obtained responses were exposed to multi-way

ANOVA analysis (Table 4) to determine the significance

effect of each of the tested variables, their interaction and

their quadratic effect. According to the statistical analysis,

the Model F value of 35.37 implies the model is significant.

There is only a 0.01% chance that a ‘‘Model F value’’ this

large could occur due to noise. Values of ‘‘Prob[F’’

\0.05 indicate model terms are significant.

Regarding Pb (II) ion removal, the main effect of pH was

found to be insignificant while its quadratic effect was

reported to be significant. While, the main effect of pH was

reported to be statistically significant in the process of Cr

(IV) ion removal, its quadratic effect was reported to be

insignificant. Both the main effect and the quadratic effect of

the flow rates were found to be statistically significant in the

process of Cr (IV) and Pb (II) ions removal. Unexpectedly,

the interaction between the tested variables was found to be

statistically insignificant at the used level of confidence.

The relation between the tested variables and each of the

calculated responses could be clarified in Fig. 5.

Using the generated mathematical model and graphs, the

optimum removal conditions were found to be pH = 6–7

and flow rate = 1–5 ml/min. Slowflow rate is expected to be

preferred to achieve better removal in order to give enough

contact time between the effluent and the biomass. The

optimum pHwas approximately neutral ([5) which could be

due to increasing the density of the negative charge on the

surface of the biosorbent giving way to more heavy metal

ions being adsorbed from the solution (Atar et al. 2012). In

the meantime, the obtained result contradict with the result

obtained by (Ilhan et al. 2004) as they found that the optimum

pH for Cr (IV) and Pb (II) ions removal were 2 and 4.5,

respectively, when using Staphylococcus saprophyticus as a

biosorbent and applying one factor at a time as an opti-

mization methodology. The better efficiency of heavy metal

removal at pH[ 4 could be due to the activation of the

functional groups on the active sites of the biosorbent.

Identification of the most potential biosorbent

microbes

The bacterial isolates used in the biosorption process were

identified via sequencing the 16S rRNA gene and its
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Fig. 4 Time trajectory for heavy metal removal from the collected

industrial effluent, using selected microbial biomass, in Batch mode

Table 3 Generated CCD matrix for different levels of pH and Flow

rates (in un-coded units) and rate of heavy metal removal as the

calculated responses

Trials Variables Responses

pH Flow rate

(ml/min)

Rate of removal

of Chromium

(IV) ions (%)

Rate of removal

of Lead (II) ions

(%)

1 8.0 11 70 28

2 8.5 8.0 73 48

3 7.0 8.0 83 51

4 7.0 1.0 90.7 58

5 7.0 8.0 85 50

6 7.0 8.0 84.6 49

7 6.0 5.0 98.9 55

8 6.0 11 82 33

9 7.0 15 68 22

10 8.0 5.0 80 45

11 5.5 8.0 87.4 40

12 7.0 8.0 83.5 48

13 7.0 8.0 84 50
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analysis as described in ‘‘Bacterial Identification’’ section

and aligned with the closest type strains as shown in Fig. 6.

The isolates Pb26BSP and Pb3BA were found to be

closely related to the genus Vibrio. Isolate Pb55BSU was

more related to the genus Serratia, isolate Pb11BW and

Cr3BA were more closely related to genus Bacillus, while

isolate Cr15BW was closest to the genus Paenabacillus.

According to the method described at ‘‘Fungal identifi-

cation’’ section, the two selected fugal isolates Cr5FA and

Cr56FSU were identified to be Trichoderma viride and

Fusarium oxysporium, respectively.

Conclusion

Heavy metals were always reported to be a serious problem

due its hazardous health effect on human body. For coun-

tries like Egypt, which is expected to face a serious water

lack problem in the near future, wastewater recycling

became a must. Biosorption was reported to be a potential

strategy to remove toxic heavy metals or even reduce the

concentration of such elements into its minimum accepted

values. Microbial biomass was reported to successfully

remove various types of heavy metals both in batch and

continuous processes (Çolak et al. 2013).

In this research, a robust methodology was developed,

for the first time, to screen the efficiency of a large number

of microbial strains, isolated from the industrial effluents

and sediment, to remove Lead and Chromium ions from

the industrial effluents of four different factories. Plackett–

burman, which was proven to be a significant methodology

to screen the effect of different variables including culture

conditions and medium components, was used in this work

to screen the efficacy of microbes in removing heavy

metals from industrial effluents for the first time in the

literature.

The empty beads were used as a Dummy variable

(negative control) to ensure that the significant of the effect

of the biosorbent microbes is not related to the beads

biosorption capability. Bakery yeast, a known potential

biosorbent, was used as a positive control to compare the

ability of the selected isolates to remove the targeted heavy

metals with.

Immobilizing the immobilized biomass in a tea bag-like

membranes is expected solve one of the main obstacles in

applying microbial biomass at large scale, where the

removal of the used biosorbent and its separation from the

treated solution will be more efficient and simpler.

Six different bacterial and two fungal isolates were

found to be a potential consortium to efficiently remove

heavy metals from industrial effluents, as this generated

Table 4 ANOVA table for the

effect of pH and flow rates on

continuous removal of heavy

metal using generated microbial

biomass consortia

Terms Rate of removal of Lead(II) ions Rate of removal of Chromium (IV) ions

Sum of squares F value P value

Prob[F

Sum of squares F value P value

Prob[F

A-pH 1.70 0.075 0.7927 328.51 72.14 <0.0001*

B-Flow Rate 1016.13 44.59 0.0003* 428.42 94.08 <0.0001*

AB 6.25 0.27 0.6166 11.90 2.61 0.1500

A2 98.12 4.31 0.0766* 16.15 3.55 0.1017

B2 141.32 6.20 0.0416* 29.89 6.56 0.0374*

Fig. 5 3D response surface plot showing the optimum conditions for

a Cr ions removal and b Pb ions removal in response to changes in pH

and Flow rates
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consortium succeeded in removing all the Chromium

ions and more than half of the Iron ions from both the

prepared standard solutions and the real industrial

effluents even in the presence of other heavy metals.

The generated consortium achieved the desired target

when introduced both in batch and/or continuous

modes.

For the future work, the mechanism of action of this

consortium will be studied and explained which could be

challenging.
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