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a b s t r a c t
In this study, two bioadsorbents were developed by the pyrolysis from orange peel waste at 500°C 
and 700°C, respectively. Both biochars were characterized and evaluated for the treatment of a real 
raw textile industry wastewater from Medellin-Colombia. Additionally, the pollutant removal effi-
ciency of synthesized biochars was compared with a commercial activated carbon (CAC). Synthetized 
materials showed no important variations between them in terms of chemical composition, mor-
phology, structure, and textural properties. The maximum removal percentages for color, chemical 
oxygen demand, biochemical oxygen demand and total organic carbon were found be 32%, 30%, 
68% and 52%, respectively, for the biochar obtained at 700°C under optimal conditions (100 mg of 
biochar at 25°C and pH of 3.0). The removal percentages for the same parameters under similar 
adsorption conditions were 22%, 15%, 14% and 27%, respectively, using the CAC. It is noticed that 
all values are smaller than those achieved with the bioadsorbents produced in this study. Thus, bio-
adsorbents from orange peel waste could be an alternative low-cost material for treatment of real 
raw textile industry wastewater.
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1. Introduction

Textile wastewater contains numerous toxic substances 
including dyes type azo, anthraquinone and phthalocy-
anine; as well as different organic compounds and heavy 
metals [1–3]. In the textile industry several reactive dyes 
are extensively used, which remain in the dye bath after 
the dying process, making colored effluent, due to the 

presence of chromophore groups in their structure [4–6]. 
Additionally, the textile wastewater usually contains high 
concentrations of total organic carbon (TOC), biochemical 
oxygen demand (BOD), chemical oxygen demand (COD), 
total dissolved solids (TDS) and includes highly alkaline 
values of pH [1,5,7,8]. Therefore, the discharges of high 
volumes of textile wastewater into aquatic environment 
without treatment could be harmful to human health, the 
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aquatic life (flora and fauna) and may cause alteration of 
physical, chemical, and biological properties of the lakes, 
rivers and wetlands [1,3,9].

Many different techniques have been extensively 
studied for the treatment of textile industrial wastewater, 
including physicochemical and biological treatments and 
advanced oxidation processes [7,10–12]. Effectiveness of 
selected treatment will depend on different parameters, 
including the wastewater composition, the load and type 
of contaminants and the process conditions, among others. 
Different treatment strategies could present limitations, 
advantages, and disadvantages according to the case study 
or the particularities of the process [13–15]. Adsorption-
based processes are considered one of the most versatile 
techniques for the wastewater treatment [16]. Such tech-
niques often use activated carbon as adsorbent because 
its porous structure, high surface area, chemical stability, 
and adsorption capacity [17,18]. Nonetheless, it has some 
drawbacks such as high production cost. In addition, it is 
mainly produced from fossil raw materials like coal, petro-
leum pitch, and phenolic resin [16,19]. In order to replace 
the expensive activated carbon, as well as decrease the 
demand for fossil resources and seek for more environ-
mentally friendly processes, different biochars from nat-
ural materials and agro-industrial waste have been also 
tested and adopted as biosorbents for the elimination of 
pollutants from wastewater [16,19–22].

The biosorbents generated from lignocellulosic sources 
play an important role in eliminating toxic substances from 
wastewater. Citrus waste (i.e., orange peels) are used as 
biosorbents because they are abundant, cheap and widely 
available through biomaterials discarded in fresh fruit stalls, 
juice shops and orange processing industry. Moreover, glob-
ally harvest of citrus brings about 100 million tons annually, 
of which 55%–60% of the give-forth transforms into waste. 
These agro-industrial waste are commonly disposed at 
landfill; however, its chemical composition allow to [23,24] 
addition, the adsorption capacity of these type of adsorbents 
can be improved through chemical modifications [23,25]. 
Table 1 summarizes major findings in the literature regard-
ing with the adsorption capacity and removal percentage 
for various pollutants using bioadsorbents derived from 
orange peel waste. None of them uses real wastewater. In 
fact, in most studies ideal solutions or synthetic industrial 
wastewater with an only pollutant are used; thus, there is 
still limited information towards the practical application 
of these adsorbents in real wastewater [26–28]. Using real 
wastewater matrices in adsorption studies is a challenge 
due to its complex composition and variation on this kind 
of effluent [5].

In this study, two biochars from orange peel waste 
were prepared by pyrolysis at two different temperatures. 
Their adsorption capability was evaluated through the 
pollutants removal in a real wastewater from the textile 
industry. Wastewater and biochars were characterized in 
order to improve the understanding on the biosorption 
process. Experimental conditions such as pH, temperature 
and adsorbent loading were fixed according to previous 
results (See supporting information) and literature find-
ings. Additionally, the efficiency of the bioadsorbents for 
color and other pollutants removal from real wastewater 

were compared with adsorption capability of a commercial 
activated carbon under similar process conditions. Unlike 
most related studies in the literature, in this contribution 
bioadsorption process were carried out using a raw waste-
water; therefore, the results are expected to help close tech-
nological gaps between research on bioadsorbents and their 
real application in textile industry.

2. Materials and methods

2.1. Obtention and characterization of biochars

Waste oranges of the Citrus sinensis species (fruits that 
due to their size do not comply with the NTC 4086 standards 
for their commercialization) were collected from a harvest 
area at department of Caldas, Colombia. It was peeled, 
sliced and dried at 105°C during 24 h for removal the mois-
ture contents. Then were grounded using a blade mill. The 
obtained powders were loaded into a stainless-steel verti-
cal tubular reactor placed in a tube furnace for the pyroly-
sis from 25°C to 500°C, or from 25°C to 700°C; both cases at 
10°C/min and under N2 constant flow of 25 mL/min. Once 
the desired pyrolysis temperature was reached, the material 
was left for 3 h. Materials prepared at 500°C and 700°C were 
coded POP1 and POP2, respectively. Commercial activated 
carbon (CAC) type Darco 20 × 40 and produced by Norit 
(Norit Americas Inc.) was selected for biosorption compari-
sons with orange peel biosorbents prepared in this study [42].

Crystalline phases were determined from X-ray pow-
der diffraction patterns (XRD) collected in air at room 
temperature with a Bruker D8 ADVANCE diffractometer 
(Bragg-Brentano θ-θ geometry, Cu Kα radiation, a Ni 0.5% 
Cu-Kβ filter in the secondary beam, and a one-dimensional 
position-sensitive silicon strip detector (Bruker, Lynxeye)). 
The diffraction intensity was measured in the 15°–70° 2θ 
range using a 0.02°/min 2θ step rate. Textural properties 
(surface area, size pore and pore volume) were evaluated 
by N2 adsorption–desorption isotherms at 75.2 K using a 
Micromeritics ASAP 2020. The Brunauer–Emmett–Teller 
(BET) equation was used for determining the surface area 
(BET) based on N2 isotherms. The point of zero charge 
(pHPZC) of the biochars was determined by the method of 
mass titration, which involves finding the asymptotic value 
of the pH of a biochar/water slurry as the biochar mass con-
tent is increased. Different amounts of biochar were added 
to water (typical values of biomaterial/water by weight were 
20, 40, 60, 80 and 100 mg) and the resulting pH values were 
measured after 24 h of equilibration. The pH values of the 
point of zero charge were estimated from potentiometric 
titration. Attenuated total reflectance-Fourier transform 
infrared spectroscopy (ATR-FTIR) analyses were carried 
out over the wave number range of 4,000–500 cm–1 usi-
ng a Shimadzu IRAffinity-1S. Thermogravimetric analysis 
(TGA) was carried out on a TGA Q500 TA Instruments at 
a heating rate of 40°C/min within the range of 30°C–800°C 
under a nitrogen atmosphere with flow rate of 20 mL/min. 
Morphology and elemental composition of the biochars were 
investigated by using a field emission scanning electron 
microscopy (SEM) in a JSM-5800 F JEOL at 5.0 kV. In addi-
tion, carbon, hydrogen, nitrogen, and oxygen content were 
found out using the CHNS analyzer (Leco TruSpec Micro and 
628 O analyzers, USA) using the ASTM D-5373-08 method.
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Table 1
Comparison of the adsorption capacity and removal percentage for various pollutants using bioadsorbents derived from orange peel 
waste

Adsorbent Adsorbate Hue type Removal 
(%)

Adsorption 
capacity (mg g–1)

Adsorption conditions References

Orange peel
Crystal 
violet dye

Synthetic 
water

86.7 22.7
1,000 mg/L of adsorbent, 
60°C, pH > 8 and 50 mg/L 
of dye.

[26]

Magnetized orange peel 
waste

Crystal 
violet dye

Synthetic 
water

91.1 46.9
1,000 mg/L of adsorbent, 
60°C, pH > 8 and 50 mg/L 
of dye.

[26]

Orange peel (Microwave- 
assisted pyrolysis <500°C)

Malachite 
green dye

Synthetic 
water

– 28.5
20,000 mg/L of adsorbent, 
room temperature and 
1 mg/L of dye.

[29]

Orange peel (Furnace 400°C)
Reactive 
red dye

Aqueous 
solution

89.4 1.7
1 g of adsorbent, 30°C, pH of 
4, and 25 mg/L of dye.

[30]

Orange peel (Magnetized)
Methylene 
blue dye

Aqueous 
solution

91.4 40
1 g of adsorbent, 40°C, pH of 
8, and 50 mg/L of dye.

[31]

Orange peel sulfuric acid-
treated

Methylene 
blue dye

Aqueous 
solution

98.1 50.0
10,000 mg/L of adsorbent, 
30°C, pH of 8 and 250 mg/L 
of dye.

[32]

Orange peel
Reactive 
gray BF-2R

Aqueous 
solution

60 11.4
60,000 mg/L of adsorbent, 
25°C, pH of 2 and 100 mg/L 
of dye.

[33]

Activated carbon orange peel 
(COP)

Violet B
Aqueous 
solution

70 49.2
100 mg/L of adsorbent, 25°C, 
pH of 2 and 150 mg/L of dye.

[34]

Orange peel (Modified with 
quaternary amine)

Reactive 
red 120 dye

Aqueous 
solution

91 344.8
50 mg/L of adsorbent, 65°C, 
pH of 2, and 300 mg/L of 
dye.

[23]

Orange peel (pyrolysis 
CO2 > 800°C)

Congo red 
dye

Aqueous 
solution

89.0 91
3,000 mg/L of adsorbent, 
room temperature, pH of 
2–3, and 1,000 mg/L of dye.

[24]

Orange peel (Steam at 700°C)
Congo red 
dye

Aqueous 
solution

93.0 136
3,000 mg/L of adsorbent, 
room temperature, pH of 
2–3, and 1,000 mg/L of dye.

[24]

Orange peel (Modified with 
phosphoric acid)

Methylene 
blue dye

Aqueous 
solution

– 307.6
50 mg/L of adsorbent, 25°C, 
pH of 2–3, and 100 mg/L of 
dye.

[35]

Orange peel (Cationic 
modified)

Congo red 
dye

Aqueous 
solution

– 163
0.05 g of adsorbent, 45°C, pH 
of 3, 300 mg/L of dye

[36]

Orange peel (pyrolysis 660°C) Ni(II)
Aqueous 
solution

– 17.6
1 g, room temperature, pH of 
7.5, 100 mg/L of heavy metal.

[37]

Orange peel (Chemical 
cross-linking)

Cr(VI)
Aqueous 
solution

80.4 107.5
4 g of adsorbent, room 
temperature, pH of 4, 
23 mg/L of heavy metal.

[38]

Cu(II)
Aqueous 
solution

82.5 116.6
4 g of adsorbent, room 
temperature, pH of 5, 
100 mg/L of heavy metal.

[38]

Orange peel (combustion 
400°C)

Cu(II)
Aqueous 
solution

95.0 16.6
0.5 g of adsorbent, 45°C, pH 
of 5, 36 mg/L of heavy metal.

[39]

Orange peel (cellulosic waste) Cu(II)
Aqueous 
solution

– 63.0
1,000 mg/L of adsorbent, 
20°C, pH of 5, 100 mg/L of 
heavy metal.

[40]

Orange peel Cd(II)
Aqueous 
solution

– 160.3
100 mg/L of adsorbent, 25°C, 
pH of 5, 1,000 mg/L of heavy 
metal.

[41]
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2.2. Sampling and physicochemical characterization 
of real textile wastewater

Raw real textile industry wastewater was collected on 
the outskirts of Medellin-Colombia. This wastewater con-
tains textile effluents that include mixture of different dyes 
and correspond to common plant outlet discarded from 
conventional textile dyeing processes. To obtain the typical 
spectral characteristics of textile wastewater, sampling was 
conducted just after the dyeing process and before entering 
the company’s treated wastewater plant. Samples were man-
ually collected with intervals of 15 min during 3 h in clean 
polyethylene bottles. Field data for temperature, pH, con-
ductivity, turbidity, true and apparent color were performed 
in situ. After sampling was completed, a final composite 
sample of 12 L was obtained by mixing collected samples. 
The composite wastewater collected was acidified with 2% 
sulfuric acid to prevent the growth of microorganisms and 
was stored in the 4°C refrigerator until it was analyzed or 
treated. Physicochemical parameters like total solids, total 
settleable solids, total alkalinity, total acidity, total chlo-
rides, total nitrates, and heavy metal contents (Cu, Cr, Cd, 
Ni, Zn and Co), TOC, COD and BOD5 were determined ex 
situ. All sampling and characterization were performed 
following the Standard Methods of Examination of Water 
and Wastewater (Table 2) [43].

2.3. Adsorption tests in a real textile industrial wastewater

biochar amount (100 mg), process temperature (25°C), 
and pH (3.0) were fixed according to previous results (pre-
sented in the supporting information) where a detailed 
optimization parameter design is performed to find the 
best operation conditions for biosorption of dyes on POP1 
and POP2 materials. It was used 50.0 mL of composite sam-
ple of raw real wastewater in 100 mL Erlenmeyer flasks, 
using an isothermal water bath shaker (Autoshaking 
LABWIT ZWY-100H) under constant speed of 120 rpm. The 
pH of the initial solution was adjusted by adding NaOH 
or HCl solutions. After 24 h, the mixtures were separated 
by filtration. Additional adsorption tests were performed 
at pH 9.0. This pH value corresponds to the inherent con-
dition of the real wastewater effluent. The remaining con-
centration of dyes was measured using a GENESYS 10S 
UV-Vis spectrophotometer at λ = 528, 431 and 620 nm for 
Reactive red 250, Reactive yellow 145 and Reactive blue 
21, respectively. All experiments were performed by tripli-
cate and for each variable an average value was obtained 
based on the three experiments carried out. The standard 
deviation (S) and Pearson’s coefficient of relative variation 
(CV) were used as measures of absolute and relative dis-
persion between the three experiments, respectively. Table 3 
shows nomenclature for the treatment conditions.

Spectroscopic characterization of raw textile waste-
water was carried out from the transmittance data, the tri-
stimulus values were evaluated and used to calculate the 
trichromatic coefficients, which were plotted on a chroma-
ticity diagram in order to define the dominant wavelength 
and the hue purity conform to the procedure reported in 
APHA [43]. Decolorization performance was evaluated as % 
color removal efficiency from the absorbance readings at the 
three representative wavelengths and at the dominant wave-
length. The removal of color in the real textile wastewater 
by the adsorption process was calculated by using Eq. (1).

Colour removal %
Abs Abs

Abs
� � �

�
�� �

�
i f

i

100  (1)

where Absi and Absf are the initial absorbance and the absor-
bance at 24 h, respectively.

Physicochemical parameter removals were calculated 
according to Eq. (2).

Table 2
Physicochemical parameters evaluated and applied method

Parameter Method TIWW1

Color Color to naked eye Blue-Black
True color, Pt-Co AWWA-2120 550
Temperature, °C AWWA-4500H+ 25
pH AWWA-4500H+ 9.90
Electrical conductivity, µS/cm AWWA-2510B 169
Turbidity, NTU AWWA-2130B 69.1
Total solids, mg/L AWWA-2540B 3,320
Total settleable solids, mg/L AWWA-2540E 0
Total alkalinity, mg CaCO3/L AWWA-2320B 1,134.0
Total acidity, mg CaCO3/L AWWA-2310B 590.6
Total nitrates, mg/L AWWA-4500B 222.3
Total chlorides, mg/L AWWA-4500-Cl– D 1,800
Total copper (Cu), mg/L AWWA-3500 Cu 0.25
Total chromium (Cr), mg/L AWWA-3500-Cr B 2.57
Total cadmium (Cd), mg/L AWWA-3500 Cd 0.02
Total nickel (Ni), mg/L AWWA-3500 Ni 0.04
Total zinc (Zn), mg/L AWWA-3500 Zn 3.84
Total cobalt (Co), mg/L AWWA-3111 Co B 0.250
Total organic carbon (TOC), 
mg O2/L

AWWA-5310B 854.6

Chemical oxygen demand 
(COD), mg O2/L

AWWA-4500OC 1,628.8

Biochemical oxygen demand 
(BOD5), mg O2/L

AWWA-5210B 786.5

BOD5/COD – 0.48
COD/TOC – 0.92

Table 3
Type of wastewater and treatment reactions conditions

Wastewater code Adsorption conditions

TIWW1 Textile industrial wastewater untreated.
TIWW2 Textile industrial wastewater treated at 

pH of 3.0 and biochar POP2.
TIWW3 Textile industrial wastewater treated at 

pH of 3.0 and biochar POP1.
TIWW4 Textile industrial wastewater treated at 

pH of 9.0 and biochar POP2.
TIWW5 Textile industrial wastewater treated at 

pH of 3.0 and activated carbon (CAC).
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Physicochemical parameter removal %� � �
�

�
C C
C

f0

0

100  (2)

where C0 and Cf are the initial and final concentration, respec-
tively at adsorption time t.

Values obtained for the different physicochemical 
parameters for the real raw wastewater were compared 
with the values obtained for the samples once the treat-
ment was completed. A comparison of achieve results was 
perform with the maximum acceptable values reported 
in the Colombian Environmental Regulations and in the 
Environmental Protection Agency (EPA) for an effluent from 
the textile industry [44,45].

3. Results and discussion

3.1. Physicochemical characterization of raw real 
textile wastewater

Fig. 1 reveals the spectrum in absorbance and transmit-
tance mode of real raw wastewater. Four wavelengths of 
the different intervals of color distribution were identified 

(417, 523, 558 and 614 nm). Moreover, the dominant wave-
length and purity defined from chromaticity diagram 
(Fig. 2a and b) are 535 nm and approximately 5%, respec-
tively. In the other hand, the dominant l is in the interval of 
wavelengths of the red-purple hue (i.e., 530c–700 nm).

As regard as the low purity value, it is worth noting that 
a value of 100% purity corresponds to a condition where a 
color is represented by a single and unique wavelength, so 
far away from the wastewater under investigation, where 
the color content is distributed in a spectrum covering the 
interval 350–700 nm [46].

Average values for the physicochemical parameters 
evaluated are given in Table 4. The values reached for the 
standard deviation and the coefficient of variation in most 
of the physicochemical parameters evaluated in the two 
samplings for both the standard sample and the test sample 
were S ≤ 4.5 and CV ≤ 3.2%, respectively. These low values 
reflect that there were no very significant changes between 
the two samplings carried out.

The values obtained for BOD5 and COD for the untreated 
wastewater are in the order of those reported for this type 
of effluent (80–9,273 mg O2/L and 267–4,150 mg O2/L for 

 
Fig. 2. Chromaticity diagram of real raw textile industrial wastewater.

Fig. 1. Spectrum in absorbance and transmittance mode of real raw wastewater.
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BOD5 and COD, respectively) [1,19,47,48]. In the case of 
TOC, its value exceeds all those found in the consulted lit-
erature (52–309 mg O2/L) [12,19,48,49]. The calculated bio-
degradability index (taken as the BOD5/COD ratio) was 
0.48, indicating the presence of mostly inorganic matter, 
which can probably be attributed to the presence of an 
excess concentration of soluble salts and it also suggests 
that a significant part of the organic matter will be hardly 
biodegraded [46,48,50–52]. The low initial COD/TOC value 
of 0.92, indicates that the refractory organic compound con-
tent is very high. There are several studies in the literature 
that report low initial COD/TOC ratios for industrial waste-
water, for instance Hansson et al. [53] reported an initial 
COD/TOC ratio below 2.

Additionally, the effluent shows a true color of 550 Pt-Co, 
which is within the range published in the literature (240–
10,000 Pt-Co) [7,12,26,54–56]. The pH is ~ 10.0, a value 
close to those consulted in the bibliography for this type of 
wastewater, which are highly basic (8.5–12.4) [7,47,51,54,56]. 
Values reported in the literature for the turbidity of this type 
of wastewater are quite varied since values from 17.2 to 
9251 NTU have been reported [7,51,54,56], the value found 
for raw wastewater in this study corresponds to 169 NTU. 
The electrical conductivity found (69.1 mS/cm) is very sim-
ilar to most of the values reported in the literature (6.8–
103 mS/cm) [51,54,48]. The value obtained for total solids is 

below those reported in the literature (5,420–116,468 mg/L) 
[48,51,54]. Additionally, it was not possible to measure 
total settleable solids. Alkalinity and acidity reflected val-
ues of 1,134 and 590.6 mg/L, respectively, however, there 
were no reported values for these parameters in the con-
sulted bibliography. It is worth noting the high contents of 

Table 4
Physicochemical parameters evaluated under different conditions

Parameter/Unit TIWW2 TIWW3 TIWW4 TIWW5 ER 00631 EPA 410.40

Color Light-Black Light-Black Blue-Black Blue-Black – –
True color (Pt-Co) 550 550 550 550 – –
Temperature (°C) 25 25 25 25 – –
pH (U of pH) 2.71 2.27 2.90 2.46 6.0–9.0 6.0–9.0
Turbidity (NTU) 80 69 53 97 – –
Electrical conductivity (µS/cm) 29.1 39.3 38.1 36.7 – –
Total solids (mg/L) 4,800 5,240 5,480 4,180 – –
Total settleable solids (mg/L) 0 0 0 0 2.00 –
Total alkalinity (mg CaCO3/L) N.D N.D N.D N.D – –
Total acidity (mg CaCO3/L) 387.7 697.5 113.0 545.8 – –
Total nitrates (mg NO3

–/L) 185.2 176.7 154.5 136.3 – –
Total chlorides (mg Cl–/L) 1,100 1,150 1,000 1,200 1,200 –
Total copper (mg/L Cu) 0.16 0.12 0.19 0.17 1.00 –
Total chromium (mg/L Cr) 1.88 2.04 2.13 2.31 0.50 0.10
Total cadmium (mg/L Cd) 0.009 0.007 0.003 0.01 0.02 –
Total nickel (mg/L Ni) 0.03 0.02 0.02 0.03 0.50 –
Total zinc (mg/L Zn) 1.88 0.43 0.92 0.69 3.00 –
Total cobalt (mg/L Co) 0.200 0.182 0.198 0.235 0.50 –
TOC (mg O2/L) 606.3 500.9 413.9 620.1 – 60.0
COD (mg O2/L) 1,381.4 1,342.4 1,137.4 1,391.2 400.0 –
BOD5 (mg O2/L) 613.5 421.5 252.9 678.5 200.0 6.6
BOD5/COD 0.44 0.31 0.22 0.49 – –
COD/TOC 1.01 0.84 0.61 1.09 – –

ER 00631: Permissible limits established by Colombian Resolution 0631 of the Ministry of Environment and Sustainable Development;
EPA: textile mills source category effluent limitations guidelines established by the Environmental Protection Agency;
N.D: No detectable.

Table 5
Removal percentages and relationships of some parameters un-
der different conditions

Parameter Removal percentage of each parameter

TIWW1 TIWW2 TIWW3 TIWW4 TIWW5

Color – 32.7 21.0 32.1 22.0
COD – 15.2 17.6 30.2 14.6
BOD5 – 20.2 46.4 67.8 13.7
TOC – 29.1 41.4 51.6 27.4
Cu – 36.0 52.0 24.0 32.0
Cr – 26.8 20.6 17.1 10.1
Cd – 85.0 85.0 85.0 65.0
Ni – 25.0 50.0 50.0 25.0
Zn – 51.0 88.8 76.0 82.0
Co – 20.0 27.2 20.8 6.0
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total nitrates (222.3 mg/L) and total chlorides (1,800 mg/L) 
are typical of most of those reported in the textile industry 
effluents (10.3–464 mg/L for nitrates and 745–1,912 mg/L for 
total chlorides) [8,46,47,54].

In addition, several heavy metals were identified at trace 
levels such as Cu (0.25 mg/L), Cr (2.57 mg/L), Cd (0.02 mg/L), 
Ni (0.04 mg/L), Zn (3.84 mg/L) and Co (0.250 mg/L). As for 
the Cu and Cr values, these are in the range reported in 
the literature (0.15–3.65 mg/L and 0.028–9.67 mg/L for Cu 
and Cr, respectively), while the values for Cd and Ni are 
above (0.088–0.88 mg/L and 0.124–7.57 mg/L for Cd and Ni, 
respectively) [57]. There were no reported values for the Co 
and Zn. In summary, the values obtained for all the physi-
cochemical parameters evaluated in the real wastewater of 
the textile industry are among the ranges reported in the 
literature for this type of wastewater, which clearly shows 
that this study was carried out using a characteristic effluent 
of this sector.

The values obtained for parameters such as pH, Cl–, Cr, 
Zn, COD and BOD5 exceed the maximum permissible limit 
established in Colombian Regulations [44]. According to the 
data obtained from raw wastewater, it is established that the 
parameters like total settleable solids, Cu, Cd, Ni and Co 
comply with those established in Colombian Environmental 
Legislation [44]. Although, the Environmental Protection 
Agency establishes only maximum permissible limits for 
the pH, Cr, TOC and BOD5 for this type of effluent, the 
raw real textile wastewater of this research comply no with 
theses parameters [45].

3.2. Adsorption tests in a real raw industrial wastewater

Fig. 3 reveals the color spectra recorded for the treat-
ments with the different bioadsorbents, they give an idea of 
the evolution of the decolorization process with each inves-
tigated material. Furthermore, the highest color removal 
percentages were reached with the adsorbent POP2 under 
different pH value. In the case of POP1, the color removal 
percentages was similar than those obtained with CAC.

Similarly, no significant influence of the pH of the waste-
water was identified on the removal percentages of this 
parameter using the different adsorbents. For instance, the 
achieved results with the biochar POP2 at pH 3 and 9 are 
almost the same (32.1% and 32.7%, respectively), addition-
ally, both values are higher than those obtained with CAC 
(22.0%). On the other hand, the color removal percentage 
reached with POP1 is very similar to that obtained with 
CAC (21%), both at the same pH.

Furthermore, the higher removal percentages for COD, 
BOD5 and TOC were achieved with the adsorbent POP2 at 
pH of 9.0, followed by POP1 at pH of 3.0 and finally POP2 
at pH of 3.0. In all cases the removal percentages were sim-
ilar or higher than those obtained with CAC. The highest 
values removal percentage were reached under basic con-
ditions (pH = 9, inherent value of residual water), which 
suggests that it is not necessary to adjust this parameter to 
the optimal value established in previous studies. Although 
acceptable COD, BOD5 and COD removal percentages were 
reached with POP2, it is necessary to carry out other addi-
tional treatments in order to comply with the maximum 
permissible limit values established in ER00631. As can be 
seen in Table 4, the obtained BOD5/COD ratio decreased with 
overall biochars except with the CAC, expressing a slight 
decline in biotoxicity and an increment in the biodegrad-
ability of the wastewater after being treated.

Table 6 gathers the adsorption conditions, which are pre-
sented in descending order in relation to the removal per-
centage for each parameter evaluated. The results obtained 
in this study clearly evidence that a type of adsorbent 
under particular adsorption conditions can be effective 
for the removal of one or more pollutants, while for others 
not, which probably depends on the physical and chemical 
nature of both the adsorbent and the pollutant and the type 
of interactions that can occur between them. In this way it 
is not possible to affirm in this study that there is an ideal 
adsorbent for the treatment of a real wastewater for the com-
plete removal of the different pollutants under evaluated 
conditions. This demonstrates the importance of evaluating 

Fig. 3. UV-Vis absorbance spectra with different bioadsorbents.
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the effectiveness of an adsorbent under the real wastewater 
conditions with the presence of other pollutants, since it can 
present different phenomena of competition and inhibition 
between them by the different active sites that can affect 
the efficiency of the adsorbents.

In accordance with the pH value established in regu-
lation ER00631, the wastewater treated with none of the 
adsorbents complies with the regulations. However, it is 
important to clarify those wastewaters were adjusted to a 
pH close to 3, since, in a previous study using response sur-
faces, the optimal conditions were found for which there is 
the greatest removal of different types of pollutants from 
the textile industry. In accordance with the data obtained 
for the settleable solids parameter according to the regula-
tions for all wastewater samples, it is established that they 
all comply with the regulations, which indicates that, for 
this specific parameter, the use of extra treatments is not 
necessary. Based on the data of total nitrates, total acidity 
and total alkalinity, the regulations require the analysis and 
reporting of these parameters, for which data were obtained 
in a range of 130 and 230 mg NO3

–/L, 110 mg CaCO3/L and 
700 mg CaCO3/L, 1,113 and ND mg CaCO3/L, respectively.

For the Cl– parameter, the final treated wastewater with 
all adsorbent present values above the maximum permis-
sible limit, which suggests that the use of other types of 
techniques is necessary to comply with the provisions of 
Colombian regulations. It is important to note that the total 
cadmium for raw wastewater (TIWW1) was in the maxi-
mum permissible limit, but in all tested cases was possible 
to establish values lower than 0.02 mg/L. The total cobalt for 
raw wastewater (TIWW1) was lower than the maximum per-
missible limit, however, but in all tested cases it was possible 
to decrease this parameter much more.

Total chromium for all wastewater samples do not com-
ply with the provisions of the regulations. Although accept-
able removal percentages were established, it is necessary 
to continue working on additional treatments that allow 
compliance with this parameter. For the total zinc parameter 

specifically for the TIWW1 sample, it does not comply with 
the maximum value established in the regulations. However, 
the wastewater TIWW2, TIWW3, TIWW4 and TIWW5 
comply with this parameter, obtaining significant removal 
percentages and managing to establish this parameter 
under the maximum limits established by the standard.

Regarding the Cr removal percentage, it is observed that 
the removal of this component is favored under acidic con-
ditions, additionally, greater removal of this contaminant 
was obtained with the synthesized materials compared to 
commercial activated carbon, even under basic conditions 
(without modification of the pH of the solution For the Ni 
parameter, it is The information was corrected. The informa-
tion was corrected. observed that in addition to a relation-
ship between the pH conditions and the removal results, the 
physicochemical properties of the material also influence, 
since using the same material at different pH values, greater 
removal is observed at basic conditions (pH = 9), however, 
very similar removals (50%) were obtained compared to 
another material under acidic conditions (pH = 3), which 
indicates a strong dependence on the physicochemical prop-
erties of the evaluated material, in addition to the pH condi-
tions of wastewater.

In the case of Ni, the physicochemical properties of 
the material also influence, since using the same mate-
rial at different pH values, greater removal percentage is 
observed at basic conditions (pH = 9) than at pH of 3.0, 
however, very similar removals (50%) were obtained in 
comparison with other material under acidic conditions 
(pH = 3), which indicates a strong dependence on the phys-
icochemical properties of the evaluated material, in addi-
tion to the pH conditions of the wastewater. For Zn, a sim-
ilar trend is observed in the dependence of pH with the % 
removal, since with the same material greater removal was 
observed at basic pH, however, it is not the predominant 
factor since with the other two materials obtained higher 
removal percentages. In general, it is observed that the syn-
thesized materials, in most cases, are superior or similar 
to commercial activated carbon, for the removal of all the 
other parameters evaluated in this study, and the results 
obtained suggest that these materials are promising in the 
treatment and removal of some pollutants present in this 
type of industrial effluent such as industrial wastewater. 
In this way, it can be deduced that, although the results 
turn out to be promising, it is still necessary to look at 
alternatives that allow obtaining removal percentages of 
several parameters, in such a way that they can comply 
with the maximum permissible values in ER 00631 and 
can be discharged into surface waters or rivers.

The adsorption capacity and removal percentage of 
pollutants for the synthetized bioadsorbents in this study 
were compared with different adsorbents obtained from 
orange peel waste reported in the literature. According to 
the bibliography as is shown in Table 1, it is obvious that 
there is not any study on real raw wastewater from the tex-
tile industry using adsorbents derived from orange peel 
waste, moreover, there is little studies using simulated real 
industrial wastewater. In fact, in most studies carried out, 
ideal solutions with an only pollutant are used. Therefore, 
it is difficult to make a comparison. However, it is obvious 
that the performance of the synthesized adsorbents in this 

Table 6
Adsorption conditions in descending order in relation to the re-
moval percentage for each parameter evaluated

Parameter Descending order

Color TIWW2 ≈ TIWW4 < TIWW3 ≈ TIWW5
COD TIWW4 > TIWW3 ≈ TIWW2 ≈ TIWW5
BOD5 TIWW4 > TIWW3 > TIWW2 > TIWW5
TOC TIWW4 > TIWW3 > TIWW2 > TIWW5
Cu TIWW3 > TIWW2 ≈ TIWW5 ≈ TIWW4
Cr TIWW2 > TIWW3 ≈ TIWW4 > TIWW5
Cd TIWW4 > TIWW3 > TIWW4 ≈TIWW5
Ni TIWW3 = TIWW4 > TIWW2 = TIWW5
Zn TIWW3 > TIWW4 > TIWW5 > TIWW2
Co TIWW3 > TIWW4 ≈ TIWW2 > TIWW5
Turbidity TIWW4 > TIWW3 > TIWW2 = TIWW5
Electrical conductivity TIWW2 > TIWW3 ≈ TIWW4 ≈ TIWW5
Nitrates TIWW5 > TIWW4 > TIWW3 > TIWW2
Chlorides TIWW4 > TIWW2 ≈ TIWW3 ≈ TIWW5
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investigation is good, since the maximum adsorption capac-
ity in term of color removal were higher or very similar to 
those gathered in the Table 1 and conducted in a simulated 
wastewater. Although, as seen also in the same Table 1, the 
maximum adsorption capacity of the obtained adsorbents 
in this research is lower than other studies carried out using 
ideal solutions containing only the dye, which could be 
due to the presence of a large number of other compounds 
such as NaCl, Na2CO3 and NaOH that compete with the 
dye for the adsorption sites and therefore, this would lead 
to obtain less capacities of adsorption (See the supporting 
information). Thus, it should be noted that the adsorption 
capacity is highly dependent on the type of matrix ana-
lyzed, the physicochemical properties of the adsorbent 
and the operating conditions.

3.3. Biochars characterization

XRD patterns of the POP1 and POP2 shown in Fig. 4 
evidently explicates the presence of amorphous materials 
due to hemicellulose and lignin of the orange peels. The 
presence of crystalline peaks at 23.4° and 44.5° indicates the 
crystalline nature of cellulosic material [26,35]. Nascimento 
et al. [58], obtained diffraction peaks indicating that the 
samples have a turbostratic structure.

Meanwhile, the BET analysis of the bioadsorbent indi-
cated a surface area of 5.0, 8.0 and 650 m2/g, for POP1, POP2 

and CAC, respectively (Table 7), the area surface of orange 
peels biocarbones is slightly lesser than the value reported 
in the literature [30,39]. In addition, it can be noticed that 
there are similarities in the textural properties of the synthe-
tized biomaterials (POP1 and POP2), where the differences 
even in the values of the specific surface area are within the 
experimental error of the technique (±20 m2/g). However, 
it is highlighted that the surface area of CAC was ~ 81-fold 
higher in comparison with POP1 and POP2.

Table 8 displays the moisture and ash content, volatile 
matter, the fixed carbon and the biochar yield. The moisture 
content of both POP1 and POP2 adsorbents were found to 
be ~7.0% and 10% respectively, which is slightly higher than 
the value reported by Benaissa et al. [39,59] and Temesgen 
et al. [30]. The ash content for both bioadsorbent is rela-
tively high compared to literature data (30.0% and 18.5% 
for POP1 and POP2, respectively), since the residual organic 
compounds present in the adsorbents from agricultural 
products is in the range 0.2% to 13.4%, [39,60] which indi-
cates that the amount of inorganic substituent present is 
slightly high. The volatile matter was 17.9% and 10.3% for 
POP1 and POP2, respectively, this was lower (34%–44%) than 
reported for biomaterials of orange peel waste [29,30].

Regarding isoelectric point (Table 7), it was 4.5 and 4.8 for 
POP1 and POP2, respectively. At solution pH values below 
the pHPZC value, it is promoting the adsorption of anions 
because the surface of solid materials is positively charged. 

 
Fig. 4. XRD patterns of bioadsorbents: (a) POP1 and (b) POP2.

Table 7
Physicochemical properties and elemental analysis of the bioadsorbents

Adsorbent Isoelectric 
point

Surface area 
(m2/g)

Pore volume 
(cm3/g)

Pore diameter 
(nm)

Elemental composition (wt.%)

N C H S O H/C O/C

POP1 4.5 5.0 0.002 1.86 0 42.9 0.73 1.76 54.6 0.02 1.27
POP2 4.8 8.0 0.004 1.77 0 19.8 2.30 1.84 76.1 0.12 3.84
CAC – 650 0.940 41.1 1.1 73.7 1.6 – – 0.02 –
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The pHPZC is probably another factor that influenced the 
obtaining of low removal percentages for the pollutants 
examined [30,33,40]. It is well known that the pyrolysis 
temperature strongly effects the biochar production yield. 
In this study, the char yield, slight increased with increas-
ing temperature from 500°C to 700°C, it might be because 
the higher the temperature there is greater destruction of 
chemical constituents, such as cellulose and hemicelluloses, 
which is consistent with the elemental composition results 
and with the yields with other biochar obtained from orange 
peels, indicating that our findings are similar results those 
reported for other studies [61–64].

The elemental analysis showed that both biomaterials 
were dominated by carbon and oxygen and small amounts 
of hydrogen and sulphur-free. Nitrogen was not detected 
probably due to the presence of a very low nitrogen content 
that was below the detection limit of the CHNS analyzer. 
The high carbon content, low H/C and O/C ratio of both 
biomaterials indicate improved resistance toward oxida-
tion and chemical reactions due to the presence of strong 
carbon bonding [24,29].

According to the literature [61] the ash content of the 
POP1 and POP2 materials is medium (5%–10%) and high 
(>10%). The H/C ratio is frequently used as an indicator of 
the degree of aromaticity and saturation of the biomass, 
which, in turn, is related to its great stability in the envi-
ronment. The H/C ratios for our materials are 0.02 and 0.12 
for POP1 and POP2, respectively, indicating a graphite-like 
structure in the obtained biofuels. Similar results have been 

reported in the literature [61]. On the other hand, the ther-
mal profile of both bioadsorbents showed three stages of 
weight loss. The first stage around 100°C corresponds to the 
loss of occluded or adsorbed water molecules with a per-
centage of 7.10% and 10.32% for POP1 and POP2, respec-
tively. The second stage (between 150°C and 800°C) with a 
maximum percentage weight loss of 17.9% and 10.3% for 
POP1 and POP2, respectively, is commonly related to the 
thermal decomposition of hemicellulose and glycosidic 
bonds b-(1→4) from the cellulose. The third stage above 
800°C is associated with the decomposition of aromatic 
structures and the remaining cellulose and lignin.

The surface functional groups of the POP1, POP2 and 
CAC adsorbents were studied before and after adsorption 
by using FTIR spectroscopy, these spectra are depicted in 
Figs. 5 and 6. The spectra of all materials are very similar. The 
absorption strong and wide bands at 3,890 and 3,720 cm–1, 
can be attributed to the stretching vibration of the hydroxyl 
groups bond (–OH) of a large number of functional groups 
(alcohol, phenolic and carboxylic groups) derived from cellu-
lose, pectin, hemicellulose, lignin [63]. The band at 3,620 cm–1 
is related with to the stretching vibration of CH bonds, 
which appear in the range 3,000–3,690 cm–1) [62]. The band 
around 2860 cm–1 are related to the stretching vibration of CH 
bonds in methyl and methylene [63]. The band at 1,720 cm–1 
is assigned to C=O ester group [62]. The band at approxi-
mately 1,690 cm–1 is due to functional group C=O (ketone, 
aldehydes, amides) [63]. The band observed at 1,517 cm–1 is 
assigned to C=O stretching vibration. The band at 1,160 cm–1 

 
Fig. 5. FTIR spectrum of adsorbents before treatment adsorption. A1: POP1, B1: POP2, and C1: CAC.

Table 8
Proximal analysis result of the bioadsorbents and mass yield

Adsorbent Parameter (wt.%)

Moisture content Ash content Volatile matter Fixed carbon Biochar yield

POP1 7.1 30.0 17.9 65.7 9.0
POP2 10.3 18.5 10.3 66.5 13.0
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can be assigned to the vibrations of the C–O–C and OH 
groups of polysaccharides [63].

FTIR spectrum of POP1 and POP2 showed a similar pat-
tern between them, except for the bands at 1,160 cm–1 and 
3,890 cm–1 that appear only in the POP2 material and the 
band at 1,690 cm–1 that appears only in the POP1 adsor-
bent. Finally, in the material POP2 the band at 1,517 cm–1 
decreased significantly compared to POP1. This may be 
caused by the thermally treatments applied are different. 
Moreover, comparing the spectra of POP1, POP1 and CAC. 
When comparing CAC with POP2, no significant differences 
are observed in the spectra, except that in the CAC material 

the band at 1,517 cm–1 (N–O nitro) is not clearly evident. 
Several differences were also identified between the spec-
tra of POP1 and CAC, the bands at 3,890 and 1,160 cm–1 
appear only in the CAC, while the bands located at 1,690 and 
1,517 cm–1 are observed only in the POP1 material.

By comparing POP1 before and after adsorption, the 
bands appear at 3,890 and 1,160 cm–1 and the band disap-
pears at 1,690 cm–1, after adsorption. When comparing POP2 
before and after adsorption, no significant differences are 
observed, except that the intensity of the band located at 
3,890 cm–1 increases slightly after adsorption. Finally, when 
comparing the CAC before and after adsorption, an increase 

 

Fig. 6. FTIR spectrum comparisons of adsorbents before (A1, B1 and C1) and after treatment adsorption (A2, B2 and C2). 
A2: POP1, B2: POP2, and C2: CAC.

 
Fig. 7. SEM images and EDAX spectrum of POP1.
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in the intensity of the band located at 3,720 cm–1 is observed 
after adsorption, additionally the intensity of the band 
2,860 cm–1 decreases, and a band appears at 1,780 cm–1.

The results of SEM/energy-dispersive X-ray analysis of 
the biochars are shown in Figs. 7 and 8. It can observe the 
surface morphology of two bioadsorbents was similar to 
each other as well as their elemental composition. A layered 
structure on the surface of adsorbent and rough morphol-
ogy was displayed, also the biochars are not very porous, 
which confirms the results obtained in the BET analyzes 
[23,26].

In summary, the physicochemical characterization 
results of the bioadsorbents obtained at different tempera-
tures, no showed significant differences in terms of chemical 
composition, morphology, structure, and textural proper-
ties, which could explain the reason for the small differences 
between the coloration removal percentages and in the other 
physicochemical parameters with the two evaluated materi-
als. Therefore, the results obtained clearly show that in the 
processes of adsorption and removal of pollutants present 
in a real industrial wastewater, the surface area and compo-
sition biomaterial are not the only determining parameter, 
but also the nature of the pollutants, since despite the fact 
that commercial activated carbon had a significantly higher 
surface area than the synthesized bioadsorbents in this 
investigation, the material used like reference had a lower 
performance in terms of removal percentages for the most of 
analyzed pollutants.

4. Conclusions

The values obtained for all the physicochemical param-
eters evaluated in the real wastewater of the textile indus-
try are among the ranges reported in the literature for this 
type of wastewater, which clearly shows that this study was 
carried out using a characteristic effluent of this sector.

The treatments applied with the different adsorbents 
evaluated allowed to significantly decrease the removal of 
parameters such as Cl– and Zn, complying with the provi-
sions of the same environmental regulations, however, it is 
necessary to evaluate other conditions or additional treat-
ments to achieve removals in terms of pH, Cr, COD and 
BOD5 that allow obtaining values lower than the maximum 
permissible limits regulated by Colombian regulations.

These results reveal small differences in the perfor-
mances of the two obtained adsorbents from orange peel 
waste. These must be since the surface texture, porosity, sur-
face chemistry and composition of the chars are very similar. 
However, it is evident that all the biochars showed a bet-
ter performance in the pollutant removal compared to the 
commercial activated carbon. Thus, this work shows that the 
orange waste transformed adsorbent could compete with 
available commercial adsorbents for the treatment of indus-
trial textile wastewater, however, is necessary to know the 
adsorption capacity, desorption capability and reusability 
of the bioadsorbents.
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Supplemental information

S1. Preliminary adsorption tests in a synthetic 
industrial wastewater

The adsorption efficiency of the biochars was evaluated 
for the treatment of a synthetic industrial wastewater. Thus, 
first the preliminary batch adsorption process using the 
POP1 and POP2 bioadsorbent were conducted to achieve 
the optimum operating conditions for the dye adsorption 
(Reactive red 250, Reactive yellow 145 and Reactive blue 21).

The elemental composition of the textile wastewater 
simulated in the laboratory was set with data provided by a 
textile industry factory (Table S1).

Different parameters, including biochar amount (25–
100 mg), adsorption temperature (25°C–45°C), and pH 
(3–12), were studied using 50.00 mL of synthetic indus-
trial wastewater in 100 mL Erlenmeyer flasks in an isother-
mal water bath shaker (Autoshaking LABWIT ZWY-100H) 
under constant speed of 120 rpm. The pH of the initial solu-
tion was adjusted by adding 0.1 mol/L NaOH or 0.1 mol/L 
HCl solutions. After 24 h, the mixtures were separated 
by filtration. The remaining dye concentration was mea-
sured using a GENESYS 10S UV-Vis spectrophotometer at 
λ = 528, 431 and 620 nm for Reactive red 250, Reactive yellow 
145 and Reactive blue 21, respectively.

The color removal in the simulated textile wastewater 
by the adsorption process was calculated using Eq. (1).

Colour removal %
Abs Abs

Abs
� � �

�
�0

0

100f  (S1)

where Abs0 and Absf are the initial absorbance and the 
absorbance at adsorption time t, respectively.

S2. Design of experiments

Different adsorption tests were carried out to determine 
the effect of three factors: pH solution, temperature, and 

amount of bioadsorbent. The factors and levels for experi-
mentation are presented in Table S2. A Box–Behnken design 
with a 95% confidence level was implemented to find the 
optimal operating points in the removal of three dyes in 
simulated textile wastewater. This type of design was imple-
mented because a spherical arrangement of the points is 
the most efficient when looking for the best conditions of a 
process once the factors affecting the process are known.

S3. Results and discussion

The Eq. (2) represents the empirical relationship between 
dye removal efficiency and input variables expressed by 
the quadratic model, where A, B and C are temperature, 
synthetic wastewater pH, and amount of adsorbent, respec-
tively. The coefficient values in this equation indicate the 
intensity and the sign of coefficient present the positive or 
negative influence of the input variable on the dye removal 
percentage. A positive effect of a factor means that when 
the factor level increases, the dye removal percentage is 
improved and vice versa.

Dye removal % . . .
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 (S2)

Fig. S1a–c show the Pareto charts for each dye with the 
adsorbents POP1 and POP2, respectively. The factors are 
display from highest to lowest significance, where the col-
umns that exceed the vertical line (significance line), indi-
cate that are statistically significantly different from zero 
with a confidence level of 95%, given by the P-values of the 
ANOVA analysis. In the other hand, it expects the P-value to 
be less than the significance level (α = 0.05) or the absolute 
value of the t-ratio (critical) to be higher than 2.

In the Pareto chart of the calculated effects for POP1 it 
can be seen for the dyes Reactive blue 21 and Reactive yel-
low 145, all factors and interactions were not significantly 
influencing the response, except the pH, while for the 
Reactive red 250 the CA interaction was the only one sta-
tistically significant. Additionally, for this same dye, all the 
factors and interactions were positive, exclude the AB inter-
action. Moreover, for the Reactive yellow 145 the unique 
indirect factor was the pH. Finally, the amount of adsor-
bent and the BC interaction were the direct factors with the 
Reactive blue 21.

Table S1
Composition of simulated textile wastewater

Chemical Concentration (g/L)

Dye 0.1
NaCl 50
Na2CO3 15
NaOH 1.5

Table S2
Factors and levels of experimental design

Factors Unit Symbol Levels

Low (–1) Medium (0) High (+1)

pH U of pH A 3.0 7.0 12.0
Temperature °C B 25 35 45
Amount of adsorbent mg C 25 50 100



95S.B. Betancur et al. / Desalination and Water Treatment 250 (2022) 80–99

In the case of the POP2 (Fig. S2a–c), for the Reactive 
red 250 the unique statistically non-significant factors and 
interactions were pH and the AB and ABC interactions. 
Furthermore, the factor amount of adsorbent and the AB 
interaction are positive, that is, an increase in these variables 
causes an increase in the removal rate. In Reactive blue 21, 
the AB interaction and the adsorbent quantity factor were 
not statistically significant. In addition, this latest factor 
was the only that had a direct effect. With the dye Reactive 
yellow 145 the AC, AB and BC interactions did not have a 
statistically significant effect on the dye removal percentage, 
in addition, the C factor and the ABC and AB interactions 
had a direct effect.

S3.1. Effect of process variables on the percentage of dye removal

Fig. S3a and b show the removal profile of the dyes 
Reactive red 250, Reactive blue 21 and Reactive yellow 141, 
respectively, as a function of pH, treatment temperatures 
and amounts of biochar for POP1. Similarly, the Fig. S4a 
and b display the removal percentage of the same dyes as 
a function of the same parameters for POP2. It can observe 
that the removal performance for both bioadsorbents of 
all dyes increases along with the decrease in pH solution. 
In the specific case of POP2 the Reactive red 250, Reactive 
blue 21 and Reactive yellow 145 concentration decrease 
from 95.5% to 72.5%, 95.0% to 58.5% and 71.8% to 55.4% 

 
Fig. S1. Pareto chart of the calculated effects for POP1. Direct effects , Indirect effects .

 
Fig. S2. Pareto chart of the calculated effects for POP2. Direct effects , Indirect effects .
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Fig. S3. Effect of pH, temperature and amount of bioadsorbent on the removal percentage of dyes from synthetical waste-
water by POP1.

 
Fig. S4. Effect of pH, temperature and amount of bioadsorbent on the removal percentage of dye from synthetical waste-
water by POP1.
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respectively, when pH increases from pH 3.0 to pH 12.0. 
At the same time, POP1 showed a similar behavior to the 
adsorbent POP2 with the difference of lower removal per-
centages. According to the value reported for the isoelectric 
point of the bioadsorbents (4.5 and 4.8 for POP1 and POP2, 
respectively), it can be inferred that at pH < pHPZC (zero 
point of charge) the surface of the materials will be posi-
tively charged, favoring the interaction with anionic species 

at acidic pH, which could explain the reason for the increase 
in removal (%) with decreasing pH.

Moreover, in the same figures it can be elucidated that 
with decrease in solution temperature, the dye removal 
percentages increase for both POP1 and POP2 biochars. On 
the other hand, the increase in removal (%) of all the dyes 
with decreasing temperature indicates that the adsorption 
process is exothermic.

 

Fig. S5. Response surfaces for the effects of interaction between pH and temperature on the removal percentage of each dye with 
POP1.

 

Fig. S6. Response surfaces for the effects of interaction between pH and temperature on the removal percentage of each dye with 
POP2.
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Furthermore, it has been noticed that the dye removal 
percentages also increased with adsorbent dose increases 
for both biochars, for instance, for the POP2 the removal 
percentage of Reactive red 250, Reactive blue 21 and 
Reactive yellow 145 increases from 25 to 100 mg from 62.0% 
to 71.0%, 61.0% to 63.0% and 51.0% to 57.0%, respectively, 

this attributed to the increase removal (%) is because of the 
available sorption surface and availability of more adsorp-
tion sites.

The maximum removal percentage for reagents Reactive 
red 250, Reactive yellow 145 and Reactive blue 145 using 
POP1 were 90%, 66% and 99%, while, for the adsorbent 

 

Fig. S7. Comparisons between experimental and predicted values with POP1.

 

Fig. S8. Comparisons between experimental and predicted values with POP2.
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POP2, the removal percentages reached were 96% (Reactive 
red 250), 72% (Reactive yellow 145) and 95% (Reactive blue 
145). The greatest desorption efficiency was obtained for 
the highest levels of the three factors (15 mL of desorbing 
solution, pH 10 and 200 rpm).

S3.2. Optimization of design parameters 33

The response surfaces for the interactions of different 
pairs of statistically significant factors on the dye removal 
efficiency for POP1 and POP2 are expressed in Figs. S5a & c  
and S6a–c, respectively. The optimum bioadsorbent dosage 
was found to be 100 mg for the removal of all dyes from 

synthetic wastewater, thus, 100 mg was fixed as an opti-
mum dose for further adsorption experimental studies at 
pH and temperature values different. In summary, the high-
est dye removal percentage for all dyes and bioadsorbents 
were archive at 25°C, a pH of 3.0 and 100 mg of material.

As is gathered in Fig. S7a–c and S8a–c, the values of 
predicted removal percentage vs. experimental value were 
distributed close to the diagonal line, which means that 
the predictions of the empirical model correlate well with 
the observed results for both adsorbents, indicating that 
the model provides a good fit.
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