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a b s t r a c t
Despite its attractiveness and combinatorial effectiveness, the biochar supported nanoscale 
zero-valent iron particles (nZVI) composite has not been applied in a multi-dye system and 
fixed bed column experiments. The present work aimed at preparing a corn cob biochar coated 
with nZVI particles to obtain an efficient low-cost adsorbent and investigate its potential to 
remove two synthetic dyes Methylene blue (MB) and Methyl orange (MO) from their single and 
mixture using column experiments. Brunauer–Emmett–Teller surface analyzer, scanning elec-
tron microscopy-energy-dispersive X-ray analysis, X-ray diffraction, Zetasizer Nano ZS90 and 
Fourier-transform infrared spectroscopy have been used to investigated the physico-chemical 
properties of the prepared adsorbent and explore the dynamics of competition, selectivity and 
adsorption mechanisms involved in dyes removal from their mixture. The MB antagonistic action 
vis-à-vis MO removal was high in column binary dye adsorption experiments. Experimental 
data of MB removal were fitted to non-linear Thomas and Yoon–Nelson models, the former fit-
ting the best with R2  =  0.9886. The dynamic absorption capacity (qb) was 15  mg/g, the column 
removal efficiency 89.64% and the highest adsorption capacity 118.056  mg/g. Dyes’ adsorption 
mechanism involved mainly electrostatic attractions, adsorbent surface sorption and pore diffu-
sion. The complexity of the breakthrough curve of MO and non-attainment of the bed column 
exhaustion time suggest further detailed research studies.
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1. Introduction

High level pollution of water resources by synthetic 
dyes is perceived as the most challenging environmen-
tal threats affecting human beings and entire ecosystem 
[1,2]. Synthetic dyes represent more than 60% of all 
manufactured and commercialized dye structures [3,4], 

Methyl orange (MO) and Methylene blue (MB) being the 
most widely produced and industrially used synthetic 
dyes. MO is an anionic azo dye due to the presence of 
chromophore groups (–N=N–) [5,6] in its chemical struc-
ture while MB is a cationic phenothiazine dye. Textile 
industries are the most synthetic organic dyes’ consumers 
[1] and greatest polluting industries [5]. While the total 
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annual synthetic dye production is estimated at more 
than 100 million tons [5], about 11%–15% of this amount 
is lost during the dyeing process and therefore indis-
criminately released into the aquatic environment [5,7]. 
Once in water bodies, synthetic dyes significantly reduce 
the photosynthetic activity, affecting the functioning of 
aquatic ecosystem [8,9]. Dyes reduce the light penetra-
tion, impeding the photosynthesis of aquatic flora and 
also decrease the amount of dissolved oxygen, which in 
turn, affect the life of aquatic living organisms [7,10,11]. 
On the other hand, the colored water due to the pres-
ence of dyes has always been causing aesthetic problem 
and undesirable for industrial and domestic use even at 
very low dye concentrations [12]. From the toxicological 
view point, synthetic dyes not registered as “safe dyes” 
for consumption have been reported to cause food safety 
and health problems which forced many governments 
across the world to introduce strict legislations and food 
adulteration acts [13]. Despite controversies and discrep-
ancies among research results, some studies have shown 
that synthetic dyes were responsible of hyperactivity, 
restlessness, and sleep disturbance in children, cancer 
and allergies-causing to human beings [13]. Workers in 
the dye manufacturing industries were found to develop 
bladder cancer [10]. When entered the food chains, dyes 
provide bio-magnification, contaminating heavily organ-
isms at higher trophic levels [10]. Heavy metals entering 
in the composition of synthetic dyes can be easily assim-
ilated by the fish gills [10] and affect the trophic chain 
including human beings via fish eating. Beyond their 
recalcitrance properties and long half-life, azo dyes and 
their derivative compounds have shown to cause adverse 
impacts to soil bacterial population. Oxidative stress 
properties of chromium (entering the composition of the 
textile dyes) negatively affect the germination and growth 
of plantations [10]. Like other synthetic organic dyes, MB 
and MO are highly toxic, carcinogenic, mutagenic and 
teratogenic to animals and human beings due to the pres-
ence of aromatic and –N=N– groups in their molecules 
[1,6,11]. MB was reported to cause irritation, gastritis, 
diarrhea, cyanosis, tissue necrosis, jaundice and vomiting 
in humans [1,7,14]. In addition, many side effects such as 
headache, vomiting, confusion, breathing impairment and 
dysfunction, high blood pressure, serotonin syndrome, 
red blood cell breakdown, and allergic reactions were 
attributed to this MB contaminant. Furthermore, when 
taken up into human body, MB may reduce the ferric 
ions in haemoglobin to ferrous ions [15]. MO on the other 
hand causes allergy when in contact with skin leading to 
skin eczema and can be poisonous once swallowed [16].

High toxicity and deleterious effects of the synthetic 
dyes alongside with their non-biodegradability [9], high 
physical and chemical stability [4] and their persistence 
into the environment have always stimulated the impera-
tive need to solve the big problem of water coloring and 
environmental pollution by dyes. A variety of techniques 
and methods including chemical redox reaction [1], mem-
brane filtration [17,18], coagulation and photo-catalysis 
[19], ion exchange, adsorption [11] have been applied to 
eliminate dyes from the polluted waters. Unfortunately, 
the main drawbacks of many of these methods have been 

high costs, much energy consumption, associated second-
ary pollution and much toxic sludge production [1]. Only 
adsorption technology has attracted many scientists and 
researchers due to its relative low cost among other waste-
water treatment methods [20], less sludge production, sim-
ple design and operation [21], rapidity and high potential 
to remove a wide range of contaminants from aqueous 
solutions. The technology has been highly appreciated and 
widely used due to the quasi-absence of side effects and/or 
toxicity to water and higher efficiency in comparison with 
other conventional treatment methods [5]. Furthermore, 
adsorption technique was proven to be the most respon-
sive method to the high demand of treatment of massive 
volumes of industrial waste waters [20]. It has revealed 
itself to be the best alternative cost-effective and econom-
ically viable treatment method especially when adsorbents 
are not expensive and readily available [5,20]. Moreover, 
the technology has been in use since 450 BC through 
the use of charcoal for drinking water purification [22].

The limited porosity and low effectiveness of the char-
coal prompted the production of an activated carbon in 1822 
from the raw carbonaceous materials. This paved the way 
for the commercial applications of activated carbon and 
gained a growing worldwide importance on industrial scale 
application throughout 19th and 20th centuries [22]. Many 
commercial adsorbents such as silica gels, organic gels, 
activated alumina and zeolites have been used to remove 
a wide range of contaminants from industrial effluents and 
shown a high efficiency [23,24]. However, extensive use and 
growing industrial demand of this activated carbon cou-
pled with the high production costs [22,23] and the 2000s 
economic crisis prompted many scholars and researchers to 
turn their interest [25] in the development of biochar-based 
adsorbents. This carbon-rich residue is produced from var-
ious low-cost biomass materials such as wood chips, crop 
residue, or manure via a high temperature (300°C–950°C) 
pyrolysis in a low or absence of oxygen environment under 
atmospheric N2 [26,27]. Biochars derived from some waste 
biomass such as wheat straw [12], sugarcane bagasse [28], 
papaya seeds [29,30], maize stem tissue [4] and swede rape 
straw [15] demonstrated a relatively high adsorption capac-
ity in removing many contaminants including organic dyes 
from polluted waters. Compared to the activated carbon, 
the biochar was found to be of low-cost and have a com-
parable or higher adsorption capacity than the activated 
carbon [31]. In addition, being a renewable adsorbent, 
biochar presents an economic and environmental benefits 
and is still considered as a promising potential resource 
for environmental technology used for water contaminants 
removal [31]. Good biochar adsorptive properties were 
attributed to many functional groups and mineral compo-
nents, large specific surface area and porous structure on 
the biochar surface [20,31]. Despite these excellent prop-
erties, recent scientific efforts aimed to improve adsorp-
tive properties of the raw biochar via appropriate modi-
fication methods have shown that the engineered biochar 
had stronger adsorption capacity than the pristine biochar 
[32]. One of the most emerging, innovative and promising 
modification method is the combination of the biochars 
(BCs) and nanotechnology, the nanoscale zero-valent met-
als (nZVMs) particularly the nano zero-valent iron (nZVI) 
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particles [33]. The combination of biochar and nanotechnol-
ogy continues to gain a growing interest among research-
ers. It yields a biochar-based nanocomposite (nZVI/BC) 
with excellent adsorptive qualities mainly larger specific 
surface area with more active adsorption sites, enhanced 
porosity with good pore-size distribution and pore volume, 
higher cation exchange capacity (CEC), greater thermal 
stability and many functional reactive groups, improved 
oxido-reductive and catalytic degradation ability and 
magnetic properties [32,34,35]. The combinatorial effect 
has also shown to overcome some of individual technol-
ogy drawbacks. For instance, the ferromagnetic properties 
of new composite adsorbent allow an easy separation of 
adsorbent from aqueous solution using a simple magnet 
and the adsorption capacities of the pristine biochar get 
strengthened [32,33,36–39]. The biochar provides an excel-
lent support for the dispersion and stabilization of the nZVI 
particles, enhancing their catalytic ability, high contami-
nant adsorption and degradation in solutions [26,37,40].

Many review papers [32] and research articles [34,37] 
have reported the impregnation of nZVI particles onto BC 
surface and exploration of enhanced adsorptive proper-
ties of the new engineered composite in environmental 
remediation, especially the removal of persistent con-
taminants including organic dyes. Though this type of 
engineered material was suggested as an alternative and 
innovative adsorbent [32], the above-discussed properties 
were not fully investigated for the removal of the syn-
thetic dyes from a multi-dye system and complex waste-
water mixture. On the other hand, most of the research 
studies on dyes’ removal from wastewaters by nZVI/
BC have been conducted in a single contaminant sys-
tem in batch experiments, providing fundamental skills 
but leaving a huge gap for practical application at the 
large industrial scale. Investigative studies on synthetic 
dyes adsorption by nZVI/BC in a multi-pollutant sys-
tem and fixed bed column experiments are very limited 
across the literature. Therefore, new insights of the bio- 
sorbent behavior in a multi-contaminant adsorption 

system, dynamics, mutual influence and adsorption mech-
anisms involved are still to be acquired. To bridge this 
research gap, the current study aims at preparing a corn 
cob biochar coated with nZVI particles to obtain an effi-
cient and environmentally friendly low-cost adsorbent 
nZVI/BC composite and investigate its potential to remove 
two synthetic dyes Methylene blue (MB) and Methyl 
orange (MO) from their single and mixture in water using 
column experiments. The physico-chemical character-
ization of the modified biochar was investigated using 
Brunauer–Emmett–Teller (BET) surface analyzer, scanning 
electron microscopy-energy-dispersive X-ray analysis 
(SEM-EDX), X-ray diffractometers (XRD), Zetasizer Nano 
ZS90, Fourier-transform infrared spectrometer (FTIR) 
to explore the dynamics of competition, selectivity and 
adsorption mechanisms involved in their mixture.

2. Materials and methods

2.1. Adsorbent preparation and characterization

The dried corncobs obtained from Bishan County of 
Chongqing Municipality, China, were first washed with 
tap water to remove impurities and then dried at ambient 
temperature for one week. They were pyrolyzed in a muf-
fle furnace at 600°C following the methods described in the 
literature [37,38] to obtain the corn cob biochar (BC). Prior 
to pyrolysis process, the furnace was filled with N2 (600 mL/
min) and maintained oxygen free throughout the reaction. 
After cooling down to room temperature, the BC residue 
was taken out from the device, crushed to 50–300  mesh 
size using grinder (BJ-100, Baijie Ltc.) and finally screened 
to 30 µm sieving. The obtained corncob biochar, referred to 
BC600, was stored in a container at 4°C for further research.

The synthesis of nZVI coated onto biochar (nZVI/
BC composite) was performed according to the method 
described by Shang et al. [41] and Sun et al. [42] with 
some modifications. Typically, the pre-determined amount 
of iron (FeCl3·6H2O) was dissolved in an appropriate 
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Fig. 1. SEM-EDX measurement of BC after nZVI coating.
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quantity of solvent (ethanol/deionized water (3/7, v/v) 
and added into the designed mass of corncob biochar in a 
500 mL beaker (Fe/BC impregnation mass ratio of 1:5). The 
beaker was immerged into a thermal-controlled heater with 
a magnetic stirrer (DF-101S, Bangxi Instrument Technology 
(Shanghai) Co., Ltd.) while maintaining the temperature 
at 23°C. The stirring time and stirring rates were set at 
89.99 min and 400 rpm respectively. At the end of the mixing 
and homogenization process, sodium borohydride (NaHB4) 
solution (with concentration equivalent to 4  times higher 
than that of Fe3+) was added dropwise under the same above 
stirring conditions at a titration rate of 0.625  mL/s. While 
adding the NaBH4 solution, a plenty of gas was bubbled 
out and the mixture solution immediately turned black. 
The NaBH4 solution reduced the ferric chloride (Fe3+) into 
zero-valent iron (Fe0) in aqueous phase according to the reac-
tion. All solvents were degassed and saturated with N2 for 
more than 1  h before being used and the whole synthesis 
process was carried out under the N2 environment.

4Fe3+ + 3BH4
– + 9H2O → 4Fe0 + 3H2BO3

–  + 12H+ + 6H2

The composite particles (black precipitate) generated 
was separated from the liquid phase by vacuum filtra-
tion then washed with deionized water (>100  mL/g) fol-
lowed by diluted ethanol (~5%) [43,44]. Finally, the product 
was oven dried at 60°C for 12  h and stored for adsorption 
experiments and physico-chemical characterization. BET 
surface analyser, scanning electron microscopy (AURIGA, 
Zeiss Ltd., Germany) coupled with SEM-EDX, X-ray dif-
fractometer (D/Max-IIIC, Nippon Science Desk Co., Ltd., 
Japan), Fourier Transformed Infrared Spectroscopy (Nicolet 
iS5, Thermo Fischer Scientific Ltd., USA), Zetasizer Nano 
ZS90 (Malvern, U.K) were used to determine properties 
of the newly synthesized adsorbent (nZVI/BC composite) 
before and after adsorption experiments.

2.2. Reagents and adsorbate aqueous solutions

All chemical reagents used throughout the experi-
mental work were of analytical grade and purchased from 
Chongqing Chuandong Chemical (Group) Co. Ltd. and 
Chengdu Kelon Chemical Reagent Factory, China while the 
deionized water (18.25 MΩ) was prepared in the laboratory 
using a Standard Ultrapure Water Machine (WP-UPT-10, 
Fupure Co., Ltd., China). Synthetic dyes containing waste-
water was prepared from the stock solutions (1,000  mg/L) 
prepared by dissolving appropriate mass of MB and MO 
in deionized water. The working aqueous dye solutions 
(100  mg/L) were prepared by a suitable serial dilution 
from the stock solutions. Adjustment of the solution pH 
was done by addition of HCl (0.1 M) or NaOH (0.1 M) and 
was measured using a pH-meter (PHS-3E-INESA).

2.3. Column adsorption experiments

A laboratory scale glass column with a height of 10 cm 
and an internal diameter of 1.6 cm with a 0.2 cm layer of 
sintered discs made of Pyrex borosilicate glass was used 
to perform experiments of dyes adsorption in a continu-
ous flow fixed-bed column. An adsorbent mass of 1.0 g of 

nZVI/BC (1:5) (equivalent to about 2.0  cm of bed depth) 
was introduced in the column between glass wool which 
prevented it from being washed out and enabled a uni-
form inlet flow into the column. The column was oper-
ated at room temperature (20°C–25°C). A micro flow 
multi-channel peristaltic pump (BT-100 EA) was used to 
pump the dye’s aqueous solution into the column bottom 
(down flow mode) at 100 mg/L of dye influent concentra-
tion (both single and binary dye system), 10 mL/min of the 
flow rate, pH = 3.0 for MO single dye removal and binary 
dye system (MO + MB). In MB single dye system, the pH 
was set at 7.0. Cylindrical plastic bottles were used for 
dyes effluent sample collection at a regular time interval 
throughout the adsorption process. The flow of the col-
umn was continued until the dye outlet concentration (Ct) 
was close to its influent concentration (Co), that is, Ct ≥ 99% 
Co. All experiments were conducted in duplicate and 
the mean value of the results was calculated. UV–Visible 
spectrophotometer (T6, Purkinje General Instrument 
Co., Ltd) was used to measure the remaining dye’s  
concentrations.

Adsorption efficiency (E) of the column experiment was 
determined using the formula [1]:
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where Ct being the outlet dye concentration (mg/L) at 
time t, Co = initial dye concentration (mg/L).

The dynamic uptake capacity, Qbed, (mg/g) was com-
puted as follows [45]:
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where m stands for the packed adsorbent (g), Mr is the 
difference between the inlet and outlet dye concentration 
(mg/L). Mr is obtained according to the equation:
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where Ve (L) is the volume of effluent at column exhaus-
tion time, Co (mmol/L) the inlet dye concentration, Vn (L) is 
the effluent volume at the nth reading; Vn+1 (L) is the efflu-
ent volume at the (n+1)th reading, Cn (mmol/L) the out-
let dye concentration at nth reading and Cn+1 is the outlet 
concentration at the (n+1)th reading (mmol/L). At the time 
when the dye outlet concentration is equal to 1% of that of 
its inlet concentration entering (at 1% breakthrough), the 
adsorbed amount (Qb) is given by the following relation [45]:
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where Q  =  flow rate, t1% is column service time (min), 
Co =  inlet dye concentration and m is the adsorbent packed 
amount (g).
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2.3.1. Column adsorption models and equations

The description of the column performance and break-
through curve was based on two known models namely 
Thomas and Yoon–Nelson models [45–47] using their 
non-linear equations. The non-linear regression equa-
tion was found to be the best fitting the model parameters 
and reliable tool for adsorption modelling, leading to less 
experimental errors at different error magnitudes and min-
imized statistical errors [47–49].
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(Non-linear form of Thomas model)
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(Non-linear form of Yoon–Nelson model)

where KTh is the Thomas rate constant (mL/mg  min), 
Qmax is the maximum concentration of the adsorbate 
(mg/g), Vt (mL) is the effluent volume, m the adsorbent 
mass (g), Ct is the outlet dye concentration (mg/L) at time t, 
Co is the inlet dye concentration (mg/L) and Q is the linear 
velocity (mL/min). The Thomas model assumes that the 
adsorption process obeys the Langmuir kinetics of adsorp-
tion–desorption and the rate driving force conforms to the 
second-order reversible reaction kinetics. Furthermore, 
the model considers that the adsorption process is not 
controlled by the chemical reaction but regulated by the 
mass transfer at the interface. In the Yoon–Nelson model, 
τ is the theoretical time (min) required to accomplish 50% 
adsorbate breakthrough and kYN is the Yoon–Nelson rate 
constant (min–1). The Yoon–Nelson model assumes that 
the contaminant adsorption probability rate decreases 
proportionally with its sorption and the breakthrough 
on the adsorbent material.

The column data were fitted to the two non-linear 
models by plotting Ct/Co against time t (Thomas model) or 
Ct/(Co – Ct) vs. sampling time (t) (Yoon–Nelson model). The 
model parameters (KThCo and kYN) and (KThQmaxm/Q and 
τ) were computed from the slope and intercept respec-
tively [46,48,50,51]. To construct the dye breakthrough 
curve, the ratio Ct/Co was plotted vs. the time or vol-
ume of the effluent collected in the course of time [47,51,52].

3. Results and discussion

3.1. Physico-chemical characterization of adsorbents 
(biochar and nZVI/BC)

The measured surface area of biochar was 64.590 m2/g 
while it was reduced to 49.309  m2/g as a result of nZVI 
coating onto biochar. In contrast, the biochar total pore 
volume increased from 0.0553 to 0.0972  cm3/g. This 
increase was probably due to the accommodation of iron 
particles within biochar pores and hence, augmenting the 
biochar porosity [19,43]. The results of SEM-EDX indicate 

many cracks, irregular and rough structures of the pris-
tine biochar surface which became relatively smooth 
and polished after biochar modification, indicating that 
the dispersion of the iron particles was effective (Fig. 1). 
From Fig. 1, it can be seen that the nanosphere nZVI par-
ticles adhered one another linearly oriented due to the 
magnetic properties of the Fe particles whose diameters 
were previously found to be ranging from 50 to 100  nm 
[19]. The EDX images indicate that after BC modifica-
tion, the proportions of iron particles rose from 0.17% to 
16.79%, oxygen from 12.55% to 21.125% while the carbon 
decreased from 86% to 61.50%.

The composite powder characterization by XRD (Fig. 2)  
has revealed the successful synthesis of the nZVI at 
nanoscale level (<100 nm). For instance, the peaks located 
at 2θ = 44°–45° are characteristic of the nanoscale zero-va-
lent iron particles (α-Fe) as reported in many literature 
[4,53]. Strong peaks at 2θ  =  35.74°–35.9° are more likely 
to be the iron oxides mainly Fe3O4 and γ-Fe2O3 [54]. The 
adsorbent surface charge (zeta potential [ζ potential]) 
measured over a solution pH range of 2.1–9.2 at 25°C 
shows that the values of the zeta potential of the nZVI/
BC600 decreased from +48.3 to –30.1  mV (Fig. 3). In the 
studied pH range, the zeta potential values are posi-
tive until the pH value of about 5.8 and negative for the 
rest of the pH range. The BC600 zeta potentials values 
are all negative in the pH range and vary from –59.5 to 
–73.1 mV. The biochar zeta potential change from negative 
to positive after biochar modification might has resulted 
from the interactions between BC and nZVI particles.

3.2. Column adsorption experiments

3.2.1. Column adsorption in single dye system

The column adsorption break point appeared after 
15  min of the column service time, outlet effluent con-
centrations being 6.20 and 10.36  mg/L for MO and MB, 
respectively. The MB removal gradually declined, sug-
gesting a progressive exhaustion and saturation of the bed 
column binding sites (Fig. 4). The column bed exhaustion 

 
Fig. 2. XRD patterns of the pristine BC600, modified BC (nZVI/BC) 
and nZVI/BC-MO + MB.
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time was reached after 10  h of the column service time, 
the outlet effluent concentration was 98% of its influent 
concentration. Similar trend results were obtained for MB 
and MO by carboxylated diaminoethane sporopollenin 
(CDAE-S) [55] in a bed-fixed column studies. In contrast, 
MO concentration was gradually becoming more coloured,  
suggesting an increase of the outlet effluent concentra-
tion with time as revealed by UV–Vis spectrophotometer 
measurements. After 10 h of the column service time, the 
highest outlet effluent concentration was 29.38 mg/L. From 
this time there has been a slight continuous decrease and 
increase of outlet effluent concentration up to 22  h when 
the dye volume of 2,200  mL was exhausted (Fig. 4). The 
monitoring of the pH in the MO column studies shows 

that the pH raised from 3.0 to 5.70 to finally decline up 
to the pH value of 3.20. The observed trends of MO could 
be a result of pH fluctuation and the reversibility of the 
reaction as previously proven in the literature [33]. It 
was observed that during the cleavage of the azo N=N 
bond by the Fe0 particles, the hydrazine-like N–H single 
bonds are formed which, subsequently, consume the H+ and 
therefore the pH raises. Furthermore, Fe0 could react with 
water to generate Fe2+, H2 and OH–. The latter hydroxide ions 
were reported to be responsible of the raise of the solution 
pH. The generated ferrous ions are susceptible to combine 
with OH–, leading to the decrease of the solution pH [33].

3.2.2. Column adsorption in binary dye system

The coexistence of MB with MO in aqueous solution 
mixture significantly impacted the MO removal. The UV 
Vis spectrophotometer measurement has revealed that 
the first collected outlet effluent concentration of MO was 
approximately 20  mg/L against 6.20  mg/L in single dye 
system, suggesting an inhibitory effect of MB towards 
the MO removal and a higher affinity of the corn cob bio-
char-based adsorbent to MB than MO. It seems that the 
dye MB is first adsorbed onto the nZVI/BC due to the 
affinity of the adsorbent to cationic dyes (MB) than anionic 
dyes (MO) as previously reported [4]. Another plausible 
reason could be the solution pH raise accompanying the 
removal of MO [33] which in turn, affected the zeta poten-
tial of the adsorbent surface as observed in the present 
work. The increase in pH changes the zeta potential of the 
adsorbent surface, becoming more negative (Fig. 3) and 
hence exerting an electrostatic attraction with the cationic 
dye (MB) and repulsion with anionic dyes MO. Gong et 
al. [56] observed a more favorable adsorption of MB onto 
the surface of GO-sand than that of Pb(II) as a result of 
π–π interactions between MB and GO on sand surface 
in packed filter. Furthermore, the higher outlet effluent 
concentrations of MO in binary dye system than in single 
dye system (Fig. 4) again reinforces the affinity and pref-
erence of the nZVI/BC to the MB than MO. Nevertheless, 
in both cases the adsorbent exhaustion point could not 
be reached until 22  h of the column operation time as it 
can be seen from the MO breakthrough curves in Fig. 4. 
In contrast, the trends of the breakthrough curves and 
behavior of MB observed in column single dye adsorption 
were the same as in column binary dye system adsorption.

3.2.3. Evaluation of the column performance

The performance of the packed bed column is nor-
mally evaluated between the breakthrough and adsorbent 
exhaustion points [57]. In the present work, given that the 
MO exhibited an abnormal breakthrough curve due to the 
reversible reaction, instability of the formed intermedi-
ates or impurity of the substance (MO), it was not possible 
to evaluate the performance of the packed bed column. In 
contrast, the column data and breakthrough curve analysis 
for MB adsorption were modeled by the nonlinear forms of 
Yoon–Nelson and Thomas pragmatic models and results are 
presented in Fig. 5. The computed values of the two mod-
els’ parameters are tabulated in Table 1 and indicate the best 

 
Fig. 3. Zeta potential of the BC and nZVI/BC at different pH 
values at 25°C.

 
Fig. 4. Breakthrough curves of MO and MB column adsorption 
by nZVI/BC (1:5) in a single and binary dye system (adsorbent 
dose = 1.0 g, pH = 3.0; MO and pH = 7.0 for MB; conc. 100 mg/L 
each dye; flow rate = 10 mL/min, room temperature).
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fit with Thomas than Yoon–Nelson model, suggesting that 
the rate driving force obeys the second-order reversible reac-
tion kinetics and adsorption process is regulated by mass 
transfer at the interface. Both values of R2 being greater than 
0.97, it is an indication that the two models (Thomas and 
Yoon–Nelson models) fit well the experimental data and 
therefore, can effectively predict the MB adsorption per-
formance in a fixed bed column [56]. Our findings are con-
sistent with the results by Gong et al. [56] who observed a 
better fitting of Thomas model than Adams–Bohar model 
for MB adsorption in a bed-fixed column. However, when 
comparing the linear fitting of Thomas and Yoon–Nelson 
models, these authors found that the experimental data for 
Methylene blue adsorption in fixed-bed column were best 
fitted with the Yoon–Nelson model than Thomas model [56].

According to the experimental data (outlet effluent 
concentrations) recorded at different time intervals and 
based on the information provided by the breakthrough 
curve, the breakthrough time and exhaustion time were 
found to be 15 and 590  min respectively (Fig. 6). In addi-
tion, the present study has found the qb to be 15  mg/g at 
t10% breakthrough point (results are presented in Table 1). 
Moreover, the MB removal efficiency of the column was 
found to be 89.64% while the maximum adsorption capac-
ity was determined as 118.056  mg/g. This column adsorp-
tion capacity is higher and/or comparable to the adsorption 
capacities reported in some previous research studies for 
MB and other dyes’ removal as illustrated by the Table 2.

3.3. Dyes adsorption mechanisms

The analysis of FTIR spectra before and after dye 
adsorption has revealed the absorption bands in the region 

2,300–1,990  cm–1 assigned to several functional groups 
mainly the multiple bonded nitrogen compounds princi-
pally cyanides (nitriles), cyanates, isocyanates, thiocyanates, 
diazo and alkyne groups [62]. These chemical groups are 
endowed with lone pair of electrons (Lewis bases), sug-
gesting the adsorption process to occur predominantly on 
the adsorbent surface [63]. Large zone of 1,100–900  cm–1 
belonging to the silicate ions and phosphate ions and bands 
located in the range of 1,420–1,300 cm–1 could be assigned 

Fig. 5. MB breakthrough curve modeling by Thomas model (a) and Yoon–Nelson model (b).

Table 1
Parameters of Thomas and Yoon–Nelson models for the sorption of MB by nZVI/BC (1:5)

Adsorbent Bed height 
(cm)

Flow rate 
(mL/min)

Thomas model Yoon–Nelson model qb (mg/g) Qmax (mg/g)

KTh (mL/mg min) R2 kYN (L/min) ῐ (min) R2

nZVI/BC (1:5) 2 10 0.0202 0.9886 1.5303 4.0312 0.9732 15.0 118.056

Fig. 6. Experimental breakthrough curve of MB column adsorp-
tion (pH  =  7.0; init. conc.  =  100  mg/L; flow rate  =  10  mL/min; 
nZVI/BC dosage = 1.0 g).
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to carboxylate ions [62]. The multiple bonded nitrogen 
groups and carboxylate are nucleophiles and therefore can 
easily donate electrons to the cationic pollutant such as 
Methylene blue or H+ (acidic environment) [64], resulting 
into electrostatic attractions between dyes and adsorbent. 
On the other hand, results of the zeta potential measure-
ment suggest that MO might have been also removed via 
electrostatic attraction mechanism due to the positive 
charge of the nZVI/BC600 below pH value of about 5.8. 
Looking at SEM images before and after adsorption (Fig. 7) 
process, the two dyes might have been removed via adsorp-
tion onto adsorbent surface or sorption into adsorbent’s 
pores (pore filling) via intra-particle diffusion mode. The 
observed XRD peaks corresponding to various iron oxides 
(Fig. 2) suggest that the two dyes may have been removed 
via adsorption, sorption, complexation processes as well 
as oxido-reduction reaction as previously indicated in the  
literature [12,65].

4. Conclusion

The engineered adsorbent material, nZVI/BC from 
the low-cost biomass corn cob was investigated for its 
potential for the adsorption of Methylene blue and Methyl 
orange in single and binary dye system through col-
umn adsorption experiments. An inhibitory effect of MB 
towards the MO removal was observed in binary dye sys-
tem due to higher affinity of the corn cob based-adsor-
bent to cationic dyes (MB) than anionic dyes (MO). The 
column data and breakthrough curve analysis for MB 
adsorption were predicted by both non-linear Thomas and 
Yoon–Nelson models, Thomas model fitting better than 
Yoon–Nelson model. The dynamic uptake capacity (qb) 
was found to be 15  mg/g, the column removal efficiency 
of MB was 89.64% while the maximum adsorption capac-
ity was determined as 118.056 mg/g. Dyes removal might 
have involved the electrostatic attractions, adsorption and 

Table 2
Comparison of column adsorption capacities (Qmax) of various adsorbents

Adsorbent Studied contaminant Qmax (mg/g) References

Free Nelumbo nucifera leaf Congo red dye 1.179 [58]
Immobilized Nelumbo nucifera leaf Congo red dye 0.783 [58]
Red marine algae Jania ruben Pb2+ 1,089.6 [59]
Pine cone activated carbon Acid blue 113 485 [60]
Pine cone activated carbon Acid black 1 286 [60]
Mucor rouxii Pb2+ 4.06 [52]
Mucor rouxii Cd2+ 1.25 [52]
Mucor rouxii Ni2+ 0.36 [52]
Waste watermelon rind Methylene blue 113.5 [61]
Tamarind seed powder Acid yellow 17 978.5 [61]
NaOH-modified rice husk Malachite green 101.31 [61]
Graphite oxide coated sand Methylene blue 22.749 [56]
Pumice-nZVI Methylene blue 4.27 [1]
nZVI-coated biochar Methylene blue 118.056 This work

 

 
 

(a) (b) 

1 μm 1 μm

Fig. 7. SEM images of the nZVI/BC before dye’s adsorption (a) and after dyes adsorption (b).
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sorption via intra-particle diffusion which is the adsorp-
tion limiting step. The synthesized material may be sug-
gested as a suitable alternative potential adsorbent to effec-
tively remove the Methylene blue from wastewaters. Corn 
cobs are widely accessible and low-cost biomass materials 
and can be used as a substitute of the expensive commer-
cial adsorbents. Further research studies may apply the 
nZVI-coated onto corn cob BC to the real industrial efflu-
ents in order to make the bio-sorption process ecologically 
viable and understand the dynamics of dyes interactions 
with a complex mixture of industrial effluents. It can also 
be suggested further detailed column adsorption studies 
aiming at investigating the key column design parameters 
namely flow rate, bed height, adsorbent particle size, inlet 
concentrations to elucidate the MO adsorption-involved  
mechanisms.
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