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a b s t r a c t
The simultaneous removal of heavy metal and dye as two dangerous environmental pollutants is 
a challenge for the treatment of industrial wastewater. This work investigates the performance of 
NH4Cl-induced activated carbon prepared from sycamore wood (NACSW) for the single and simulta-
neous removal of Reactive Orange P3R (RO P3R) and chromium(VI). These results indicated NACSW 
could be a favorable adsorbent for the simultaneous removal of the dye and heavy metal. The structure 
of prepared activated carbon was evaluated using Fourier-transform infrared spectroscopy, scanning 
electron microscopy, Brunauer–Emmett–Teller, etc analyses. The effects of solution pH, pollutants 
dosage, NACSW dosage, and contact time on the removal performances in separate and simulta-
neous samples were investigated. The equilibrium isotherms model is consistent with the Temkin 
model. The kinetics results demonstrated that RO P3R and Cr adsorption were followed by the 
Elovich kinetic model. The removal percentage in single and simultaneous states was not significantly 
different, indicating that the sorption sites of dye and chromium on NACSW were various.
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1. Introduction

Recently, with releasing toxic contaminants in water 
resources, severe environmental problems have been 
caused by the proliferation of industries and growth in 
the production of different types of consumer goods [1–3]. 
Unfortunately, containing both inorganic and organic pollut-
ants, most of the industrial wastes could be transported into 
wastewaters [4]. Having severe effects on human health even 
at trace concentrations, heavy metals could lead to severe 
environmental problems. chromium (Cr) has many applica-
tions in industry, including pigment manufacturing, leather 
tanning, textile processing, oil refining, and electroplating. 

Either indirectly or directly discharged, wastewaters con-
taining chromium may cause severe pollution [5–9]. Existing 
chromium compounds in the environment are of two types: 
Cr(III) (trivalent chromium) and Cr(VI) (hexavalent chro-
mium). Drinking water could be contaminated because of 
incorrect disposal of wastewaters containing chromium, 
especially hexavalent chromium [10,11]. An aqueous envi-
ronment contaminated with chromium could intoxicate 
aquatic organisms and human beings [12,13]. Exposure of 
human skin to chromium(VI)-containing wastewater for 
a longer period could lead to eczema and dermatitis. Also, 
breathing hexavalent chromium may cause nosebleed, run-
ning nose, sneezing, ulcer, carcinogenicity, affected circula-
tory system, mutagenicity, and nephrogenic damage [14,15]. 
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Drinking chromium(VI)-containing water was found to be 
associated with carcinogenicity [16].

In recent years, a surge of demand has occurred in the 
textile production industry. Annually, 700,000  tons of syn-
thetic dyes are produced, with more than 100,000 com-
mercially available dyes worldwide [17–19]. Water plays 
an essential role in textile processing. In the medium-sized 
textile industry, 1.6 million L of water are daily required for 
fabric processing [20–22]. As an essential component in the 
textile and chemical industry, textile dyes represent approxi-
mately 70% of the dye market [23]. Water supplies containing 
textile dyes may cause severe problems including blurred 
vision, diarrhea, cancer, nausea, irritated skin, changes in 
cellular functioning, and allergic reactions [21,24]. Besides, 
insufficient light penetration slows down the self-purifica-
tion of water streams. Therefore, the removal of dye from 
potable water is essentially recommended [25,26]. Reactive 
Orange P3R (RO P3R) as textile dyes are widely used in 
Iranian textile industry.

To deal with contaminants, several methods have been 
used including oxidation, adsorption, ion exchange, reverse 
osmosis, electrochemical purification, and biosorption 
[27,28]. Being an efficient and cost-effective method, adsorp-
tion is considered the most effective method for wastewater 
treatment [29–31]. During adsorption process, because of 
electrostatic and hydrophobic interaction between adsorbent 
and adsorbate, a contaminant adheres to an adsorbent. Many 
different materials are used as adsorbents including bio-
masses, activated carbon, biochars, silica, carbon nanotubes, 
and polymers [32–36]. Although many adsorbents exist, 
a cost-effective and practical adsorption process depends 
only on using easily accessible and low-cost materials [37]. 
Having a porous structure, high surface area, and consider-
able efficiency in removing inorganic and organic pollutants, 
activated carbons (AC) are widely used in drinking water 
treatment. Also, higher adsorption capacity and abundant 
surface functional groups, along with the above-mentioned 
features have caused to draw many researchers’ attention 
toward activated carbons [38–41]. Nonetheless, given the 
high production cost of commercial AC, agricultural wastes 
are found to be viable feedstock alternatives to produce 
affordable AC [37,42].

This study aimed to investigate the potential of NH4Cl-
assisted activated carbon prepared from sycamore wood 
(NACSW). The originality and importance of the present 
study is that it examines simultaneous and single adsorp-
tion of reactive dye and chromium to understand the effect 
of simultaneous removal on the amount of adsorption in 
NACSW, as well as the interaction between the activated car-
bon with pollutants and pollutants together. In this research, 
the effect of solution pH, adsorbent dosage, concentrations 
of pollutants, and contact time on the adsorption of reactive 
dye and chromium were investigated. Isotherm and kinetic 
of activated carbon and pollutant adsorption were also 
evaluated.

2. Materials and methods

2.1. Materials

All AR-grade chemicals were applied. K2Cr2O7, NH4Cl, 
NaOH, and HCl were purchased from Merck & Co. A stock 

solution of chromium (1,000  mg/L) was prepared from 
K2Cr2O7 salt. By adequate dilution of the stock solutions, 
working solutions with desired concentrations were pre-
pared. To prepare the industrial reactive dye was used the 
product of Hamedan Alvan Sabet Co., Iran. Using dilute 
solutions of NaOH and HCl, the pH of test solutions was set 
to the intended value. In all experiments, deionized water 
was applied. Activated carbon was prepared according to a 
multi-step process, commonly used in the author’s research 
group [43]. To remove impurities, the sycamore wood was 
first washed several times with deionized water. Afterward, 
it was oven at 100°C for 1 d. The wood pieces (under N2 gas 
stream) were carbonized at 700°C for 1  h. The carbonized 
woods were then steeped in the ammonium chloride solu-
tion (2 wt.%) and were shaken for 2 h. The char was oven-
dried at 110°C for 24 h and activated under N2 atmosphere 
by oven-heating for 2 h at 800°C.

2.2. Adsorption experiments

A stirred (100  rpm) glass reactor was used to perform 
batch adsorption experiments. Prior to adding heavy metal 
and dye solution, the adsorbent was added to each flask in 
different amounts. By using a pH meter (Metrohm 827), the 
adsorbent pH was adjusted at the desired level, and the sus-
pension was mixed at contact time. By using a 0.2 µm pore 
size cellulose acetate filter, the suspension was filtered upon 
ending the predetermined mixing time. An analysis was also 
conducted on filtrate for residual pollutants. The concen-
tration of Cr and reactive dye was measured using Atomic 
Absorption Spectroscopy AA-7000 Series – Shimadzu and 
Hach DR 5000 UV-Vis Spectrophotometer, respectively. To 
ensure reproducibility of results, all experiments were thrice 
conducted, and each evaluation was represented by mean 
of these three measurements. Using the following equa-
tion, removal efficiency (RE) and adsorption capacity (qt) 
were calculated [Eqs. (1) and (2)]:
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where C0 indicates pollutant concentration at initial and 
Ct at time t of contact time. V and m are volume of solution 
and the mass of adsorbent, respectively.

2.2.1. Adsorption isotherm

By adding 0.04 gr NACSW to Erlenmeyer flasks, contain-
ing 100 mL of various concentrations (50–500 mg/L) with a 
pH of 4. Adsorption equilibrium onto prepared activated 
carbon was evaluated. Then, flasks were stirred at 25°C for 
6  h, after which the suspension was analyzed. Also, using 
isotherm models of Freundlich, Langmuir, and Temkin for 
simultaneous and separate dye and chromium adsorption 
equilibrium onto prepared AC were then modelled.

The Langmuir isotherm could evaluate the highest 
removal capacity of the adsorbent which is associated with 
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monolayer surface of the adsorbent. What follows deals 
[Eq. (3)] with the non-linear equation of Langmuir:

q
q K C
K Ce

m L e

L e

�
�1

	 (3)

where KL (L/mg) is constant of Langmuir and relevant to the 
energy of adsorption, qe is the amount of polluter that can 
be adsorbed by NACSW at equilibrium (mg/g), qm (mg/g) is 
the theoretical highest adsorption capacity and Ce (mg/L) is 
the contaminant concentration at equilibrium.

The Freundlich isotherm is generally used to deter-
mine the adsorption intensity of surfaces of adsorbate with 
uneven energy distribution. What follows is the Freundlich 
nonlinearized equation [Eq. (4)].

q K Ce F e
n= 1/ 	 (4)

where n and KF, are constants from the Freundlich equation.
The Temkin isotherm states that reducing the heat of 

adsorption of all the molecules in the layer followed the 
linear trend rather than a logarithmic curve. The non-linear 
Temkin isotherm is:

q B K Ce t e� � �ln 	 (5)

where Kt and B represent the Temkin constants.

2.2.2. Adsorption kinetics models

The adsorption kinetic model is studied by analyzing 
experimental data obtained from examining the time effect 
on the removal percent. Investigation of kinetic model is 
helpful in providing worthwhile info about its mechanism 
and determining overall rate of the adsorption process. In 
the present study, the kinetic was checked with different 
kinetic models of pseudo-first-order, pseudo-second-order, 
and Elovich.

The pseudo-first-order kinetic model is as follows:

q q k tt e� � �� �� �1 1exp 	 (6)

The qe and k1 can be obtained through the plot of qt vs. t.
Being usually used to explain adsorption dynamics, 

the pseudo-second-order is as follows:

q
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Elovich equation kinetic has been used for describing 
the mechanism of substance adsorption:

q tt � �� �1 1
�

�� 	 (8)

By the plot of qt vs. t. α, and β can be calculated.

3. Results and discussion

The surface morphology of the NACSW is key feature 
that affects the absorption rate of pollutants. Scanning elec-
tron microscopy (SEM) analyzed the morphology and sur-
face of activated carbon from sycamore wood. The long 
parallel, well-developed channels, and smooth surface were 
observed, as shown in Fig. 1. Jiang et al. [44] reported simi-
lar SEM microstructures of activated carbon prepared from 
lignocellulosic biomass prepared via direct activation route.

The Fourier-transform infrared spectroscopy (FTIR) 
spectrum of AC (range of wavenumber of 4,000–400  cm–1) 
can be observed in Fig. 2. The presence of various character-
istic bands on the surface of AC was detected by FTIR that 
the most important of which are as follows. An absorption 
band at 3,433  cm–1 is representative of hydroxyl functional 
groups. The peak at 2,929 cm–1 is attributed to the aliphatic 
stretching of C–H. The peaks about 1,634 are ascribed to the 
C=O groups in the carboxylic groups. C–O groups’ band 
identified at proximately 1,091 cm–1.

Textural characteristics of AC are given in Table 1.

3.1. Effect of pH on removal

The efficacy of pH on the removal of the separate and 
simultaneous sample Reactive Orange P3R and chromium 
by NACSW was investigated. The removal rates under 
experimental conditions (50 mL of 25 mg/L solutions of syn-
thetic wastewater at 15 min) in pHs between 2 and 9 were 

Fig. 1. Scanning electron microscopy images micrographs of 
the NACSW.

Fig. 2. Fourier-transform infrared spectra of NACSW.
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examined. The results demonstrate that pH is significant to 
the removal of this contaminant.

The results showed (Fig. 3) that the percentage of RO 
P3R adsorption at pH 2 to 4 in single and simultaneous 
adsorption remains stable at 84% and 70%, respectively. The 
removal percentage of dye decreases with increasing pH 
from 4.0 to 9.0, and in pH = 9 the removal percentage was 
20% (single removal) and 12% (simultaneous removal). In 
pH  <  pHPZC (7.5), the removal of dye (%) by AC increased 
due to the electrostatic attraction between the molecules 
of dye with negative charge and the positive charge of the 
adsorbent surface [45]. At pHs higher than pHPZC, the per-
centage of removal dye is drastically reduced as the electro-
static repulsion force between the negatively charged ions of 
the anionic dye and the adsorbent. Similar results were also 
found by Calvete et al. [46] and Abdulhameed et al. [47] in 
the removal of Reactive Orange 16 dye. Eslek Koyuncu et al. 
[48] have reported that while the pH is raised from 1 to 7, 
the AV 90 dye removal % is decreased.

As seen in Fig. 3, the percentage of chromium removal 
onto NACSW increased from 33% to a maximum of 72% in 
single removal and increased from 29% to a maximum of 
59% in simultaneous pollutant removal when the pH was 
raised from 2 to 4, and at higher values of pH = 4, the removal 
decreases with increase in pH. Chromium(VI) in aqueous 
solution exists in one of three ionic forms: dichromate ion 
(Cr2O7

2−), hydrogen chromate ion (HCrO4
−), and chromate 

ion (CrO4
2−) [49]. At first, increasing initial pH values raises 

the concentration of HCrO4
– and CrO4

2– and high electrostatic 

force of attraction between the negatively charged chro-
mate ions and positively charged AC, the removal percent-
age of chromate increases [50]. At higher pH, the electro-
static repulsion between the negatively charged surface of 
the NACSW with the negatively charged Cr(VI) ions and 
competition between the excess OH– and negative ion of 
Cr(VI), reduced the Cr(VI) adsorption capacity [50,51]. Solgi 
et al. [52] reported similar results for chromium removal in 
2017 and Yahya et al. [53] reported the maximum removal 
efficiency for chromium at pH = 5.

3.2. Effect of adsorbent dosage

To optimize the adsorption process, the effect of dosage 
of adsorbent was investigated by changing the dosages of 
NACSW in the range of 0.10–0.50  g/L. The other parame-
ters such as pollutants concentration (25 mg/L), initial pH 
(pH  =  4), and time (15  min) were stable. In general, the 
adsorbent dosage of NACSW in single and simultaneous 
adsorption of Cr and RO P3R exerted a strong effect on the 
percentage removal (Fig. 4a). When the dosage of NACSW 
increased from 0.10 to 0.4  g/L, the percentage removal of 
dye increased from 42% to 84%, and Cr removal enhanced 
from 21% to 72% at single adsorption. Also, removal rates 
in simultaneous removal increased from 34% to 67% and 
16% to 59% for dye and chromium, respectively (Fig. 4b). 
The removal efficiency of Cr and dye at single and simul-
taneous adsorption could be related to the increase in 
adsorbent mass or the vacant sites for adsorption [54]. 
However, further increases in the adsorbent dosage gave 
no major difference in the percentage removal of pollutants. 
It was probably due to the unsaturation of adsorption sites Table 1

Main properties of the NACSW

Value Unit Parameter

962 m2/g Brunauer–Emmett–Teller
211.9 cm3/g Vm (monolayer volume)
9.62 nm Mean pore diameter
741 – BET constant C
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Fig. 3. Effect of solution pH 50  mL of 25  mg/L solutions of 
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solution at pH = 4.0 at single (a) and simultaneous (b) state.
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through the adsorption reaction [55]. These results are in 
accordance with what was reported by Mokhtari et al. [56] 
in the study of methyl orange removal.

3.3. Effect of contact time

In order to survey the contact time effect (2–40  min) 
on single and simultaneous removal efficiency of RO P3R 
and Cr, 0.04  g of NACSW per 100  mL aqueous solution at 
pH 4.0 was examined. Fig. 5 shows that in the first 15 min, 
the percentage of removal had a sharp rise and aftermath, 
the removal rate was approximately stable. Because at the 
initial stage, pollutants have access to many adsorption 
vacant sites [57]. Similar deductions and findings have been 
reported by Kumar et al. [58].

3.4. Mechanism associated with adsorption

The mechanisms of RO P3R and Cr removed by NACSW 
are proposed based on the above results. The FTIR spectra of 
NACSW within a range of 400–4,000 cm–1 analysis revealed 
the presence of a number of important functional groups. 
This is believed that carboxyl groups in aqueous solutions 
are ionized and removal occurs based on the electrostatic 
attraction between the activated carbons and Cr [59]. Also, 
free electron pairs derived from carboxyl or hydroxyl of 
NACSW surface groups can chelate the central chromium 
ion [59,60]. As the pH of the system increases, the removal 
decreases due to the competition of excess OH– ions with 
anionic molecules of the pollutants for the adsorption sites 
and electrostatic repulsion [61].

3.5. Desorption and reusability

Reusability and stability are important factors in adsor-
bents. Reduction in the pollutants removal rate can be 
expected as the number of reuses is increased. Experiments 
were conducted to determine the efficacy of the reusabil-
ity of NACSW. After adsorbing dye and chromium by 
NACSW, adsorbent efficiency was detected in the solution. 
The separated adsorbents are washed with deionized water 
and used for next adsorption cycle. As shown in Fig. 6, the 
adsorption amount of the adsorbent declined after six times 
of repeated use. the desorption and reusability efficiency of 

NACSW after six times can reach 49% (dye) and 40% (Cr), 
indicating that it has good efficiency.

3.6. Adsorption kinetics study

Fig. 6 indicates single and simultaneous removal effi-
ciency at different concentrations of Cr and RO P3R using 
adsorption onto NACSW as a function of contact time. 
Parameters of kinetics adsorption are useful for explain-
ing the adsorption process and estimating the system up 
to industrial process scales. In this study, different kinetic 
models pseudo-first-order and pseudo-second-order, and 
Elovich reactions were investigated (Table 2). R2 (correlation 
coefficients) from the Elovich kinetic model were higher than 
other kinetic models, implying that the single and simul-
taneous removal was better explained by Elovich. Rafati 
et al. [62] reported similar results in naproxen onto func-
tionalized nano-clay composite adsorbent.

3.7. Isotherm modeling

Fig. 7 shows the adsorption isotherm of Reactive Orange 
P3R and chromium onto NACSW. As shown at lower con-
centration removal percentages of both pollutants sepa-
rately and simultaneously was more. However, by increas-
ing concentration, adsorption capacities are high due to the 
abundance number of pollutant molecules in solution and 
competition between pollutant-adsorbent interaction. The 
adsorption capacity increased until the sites are fully occu-
pied and equilibrium is achieved. Table 3 shows the adsorp-
tion capacities of Cr and dye of the other sorbents reported 
in the previous literatures. Generally, activated carbon 
prepared from sycamore wood showed high Cr and dye 
removal efficiencies [63–67]. Table 4 summarizes informa-
tion on the isotherm analysis and based on data the regres-
sion values of the Temkin isotherm were higher than those 
of the other isotherms. This indicates the applicability of 
Temkin isotherm in explaining the adsorption of chromium 
and dye in single and simultaneous state. In another study, 
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Fig. 7. Adsorption of various concentrations of single dye (a) and separate Cr (b) simultaneous dye (c) and simultaneous Cr and 
(d) state (10–50 mg/L) onto NACSW.

Table 3
Comparison of adsorption capacities for Cr and removal with other adsorbents

Adsorbent Pollutant Maximal adsorption capacity (mg/g) References

NACSW Cr 476.19 This study
Hazelnut shell activated carbon Cr(VI) 170 [63]
Biochar-copolymer composite Cr(VI) 491.3 [64]
Polypyrrole modified-ZrPO4 Cr(VI) 62.5 [65]
NACSW Reactive Orange P3R 588.24 This study
ZnO-activated carbon Orange G 153.8 [66]
ZnO-activated carbons Rhodamine B 128.2 [66]
Activated carbon Methylene blue 615 [67]
Activated carbon Congo red 339 [67]
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Mohamed et al. [68] reported similar behavior in removing 
Cd2+ and Cr3+ ions by RPG.

4. Conclusions

In this study, the removal of Reactive Orange P3R (dye) 
and chromium (heavy metal) on synthesized activated car-
bon from sycamore wood was investigated in single and 
binary solutions. The prepared activated carbon has porous 
structure, high specific surface areas, and excellent adsorp-
tion performances. The results exhibited that the optimum 
conditions for removing ROP 3R and Cr were obtained at 
solution pH 4. Isotherm studies indicated that the Temkin 
model is best describes the process of both pollutants stud-
ied. The sorption kinetics of chromium and dye is more 
compatible with the Elovich model. The compare of removal 
rates in single and simultaneous states signified the loca-
tions of dye and chromium adsorption on NACSW are 
different.
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