Environmental Science and Pollution Research (2018) 25:35657-35671
https://doi.org/10.1007/5s11356-018-3455-3

RESEARCH ARTICLE

@ CrossMark

Steam activation of waste biomass: highly microporous carbon,
optimization of bisphenol A, and diuron adsorption by response

surface methodology

Mohamed Zbair*?
Mohammed Bensitel* & Rachid Brahmi*

& Kaisu Ainassaari? & Zouhair El Assal? & Satu Ojala® ¢ Nadia El Ouahedy ¢ Riitta L. Keiski? &

Received: 23 August 2018 /Accepted: 11 October 2018 /Published online: 24 October 2018

# The Author(s) 2018

Abstract

Highly microporous carbons were prepared from argan nut shell (ANS) using steam activation method. The carbons prepared
(ANS@H20-30, ANS@H20-90, and ANS@H?20-120) were characterized using X-ray diffraction, scanning electron microscopy;,
Fourier-transform infrared, nitrogen adsorption, total X-ray fluorescence, and temperature-programmed desorption (TPD). The
ANS@H20-120 was found to have a high surface area of 2853 m?/g. The adsorption of bisphenol A and diuron on ANS@H20-
120 was investigated. The isotherm data were fitted using Langmuir and Freundlich models. Langmuir isotherm model presented the
best fit to the experimental data suggesting micropore filling of ANS@H20-120. The ANS@H20-120 adsorbent demonstrated high
monolayer adsorption capacity of 1408 and 1087 mg/g for bisphenol A and diuron, respectively. The efficiency of the adsorption was
linked to the porous structure and to the availability of the surface adsorption sites on ANS@H20-120. Response surface method was
used to optimize the removal efficiency of bisphenol A and diuron on ANS@H?20-120 from aqueous solution.
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Introduction

The production of porous carbon materials needed a suitable
porous carbon matrix from organic materials. Generally, po-
rous carbon materials are prepared by the chemical or physical
procedure. The chemical activation is conventionally carried
out simultaneously with the carbonization step in the presence
of oxidation catalysts, such as phosphoric acid, sulfuric acid,
potassium sulfide, zinc chloride, copper salts, or potassium

Responsible editor: Tito Roberto Cadaval Jr

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s11356-018-3455-3) contains supplementary
material, which is available to authorized users.

Z= Mohamed Zbair
zbair.mohamed@gmail.com

Laboratory of Catalysis and Corrosion of Materials (LCCM),
Department of Chemistry, Faculty of Sciences of El Jadida,
University of Chouaib Doukkali, BP 20, 24000 El Jadida, Morocco

Environmental and Chemical Engineering, Faculty of Technology,
University of Oulu, P.O. Box 4300, 90014 Oulu, Finland

hydroxide (Fierro et al. 2007; Bulgariu et al. 2011; Say ili
et al. 2015; Badescu et al. 2018; Zbair et al. 2018a, b). The
raw material is impregnated with one of these chemical agents
and then heated under an inert atmosphere between 400 and
700 °C (Saygili and Guzel 2018). Physical activation consists
of oxidation of the coal at high temperature (700 to 1000 °C)
using a weakly oxidizing agent. The gaseous reactants mainly
used are air, carbon dioxide, and steam (Kilpimaa et al. 2015;
Rezma et al. 2017).

These procedures lead to the development of porous
structure in the micropore range (below 2 nm) with a rela-
tively small development of mesopores (2-50 nm).
Physical activation process permits to obtain carbons with
narrower pore size distributions (Prauchner and Rodriguez-
Reinoso 2012). However, chemical activation leads to car-
bons with a higher fraction of mesopores (Prauchner and
Rodriguez-Reinoso 2012). Nevertheless, chemically acti-
vated carbons (ACs) generally retain traces of the activat-
ing agent responsible for surface oxidation (phosphorus,
sulfur, zinc, copper, potassium).

Nowadays, there is a great interest in the development of
feasible, inexpensive, high capacity, highly microporous sor-
bents for toxic metals, organic pollutants, CO, capture, and

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-018-3455-3&domain=pdf
http://orcid.org/0000-0003-4609-5159
https://doi.org/10.1007/s11356-018-3455-3
mailto:zbair.mohamed@gmail.com

35658

Environ Sci Pollut Res (2018) 25:35657-35671

also can be used as supercapacitor (Ello et al. 2013;
Maneerung et al. 2016; Eftekhari 2018; Zbair et al. 2018b).
In addition, the pore building of carbon material is the main
parameter for adsorption of toxic metals and organic contam-
inants. AC predominantly consists of micropores (<2 nm in
size); accordingly, adsorption of small molecules, such as low-
substituted monoaromatics, can be facilitated by the
micropore-filling effect once the molecular size of the adsor-
bate is close to the pore size of the adsorbent (Ismadji and
Bhatia 2001; Nakagawa et al. 2004; Fu et al. 2011).
Moreover, steam activation shows various advantages, such
as high adsorption capacity, which is mainly attributed to its
high surface area and the abundance of hydroxyl and carboxyl
groups (-OH and -COOH) (Bouchelta et al. 2008; Maneerung
et al. 2016). In addition, Maneerung et al. (2016) found that
AC prepared by steam activation has higher surface area (mi-
croporous materials) with high adsorption capacity of rhoda-
mine B as compared to those obtained from CO, and N,
activations (Maneerung et al. 2016).

Depending on the biomass source and activation condi-
tions, the specific area differs from 500 to 2000 m?/g and
the micropore volume from 0.2 to 0.9 cm®/g (Mohamed et al.
2010). Among several biomass sources, argan nut shell (ANS)
was used in our previous study as raw material to produce AC
via chemical activation, and the results show high surface area
(1372 m?/g) with highest adsorption capacity (1250 mg/g) of
bisphenol A (BPA) compared to the literature (Zbair et al.
2018b). Nevertheless, the production of AC from the ANS
by physical activation using steam has not been studied. So,
it appears to us pertinent to study this activation procedure in
more detail, which is more promising to preserve the environ-
ment since no chemical reagents are used.

BPA and diuron were selected as model pollutants. This
choice was motivated, on the one hand, by their harmful na-
ture for the environment and, on the other hand, by the ease of
their dosage in water. In addition, they possess various func-
tional chemical groups.

BPA attracts comprehensive attention because of its exten-
sive use as a monomer in the manufacture of polycarbonates,
epoxy resins, and other plastics (Wang et al. 2017a). BPA has
been broadly identified in wastewater, groundwater, surface
water, and even drinking water (Lane et al. 2015; Lee et al.
2015). Recent studies have shown that it has a potential hor-
monal activity, which can induce hormonal disruption in an
intact organism and as such he is called an Bendocrine
disruptor™ (Bhatnagar and Anastopoulos 2017; Zbair et al.
2018b). However, its environmental impact is poorly docu-
mented and the alternatives to BPA are not yet industrialized,
which is why this molecule has caught our attention.

On another hand, the herbicide diuron (N-(3,4-
dichlorophenyl)-N,N-dimethylurea) is broadly used in cultiva-
tion, and its existence in surface and groundwater has conse-
quently augmented (Field et al. 2003; Claver et al. 2006).
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According to the US Environmental Protection Agency
(EPA), diuron was categorized as a Bknown/likely™ carcino-
gen since 1997 (Liu et al. 2010). Some environmental actions
about diuron have been stated, for instance, photolysis
(Djebbar et al. 2008), soil degradation (Inoue et al. 2008),
and hydrolysis (Feng et al. 2008). Also, the outcomes revealed
that diuron was quite stable in water and not sensitive to light.
Mainly, the degradation of diuron in soil was very slow.
Dores’s investigation (Dores et al. 2009) indicated that diuron
was identified in concentration diminishing until 70 days after
application in runoff water and soil, totalizing 13.9% through
the whole sampling period. Because of its high persistence,
groundwater contamination by diuron has become a serious
problem (Imache et al. 2008). Adsorption on solid surfaces is
an important approach for monitoring the existence of organic
contaminants in water. Carbon materials have been suggested
as adsorbents to remove hazardous contaminants from pollut-
ed waters. ACs are inexpensive materials; they are commonly
applied in several fields as adsorbents for toxic metals ions
and organic pollutants (Bulgariu et al. 2011; Lin et al. 2013;
Anastopoulos et al. 2017, 2018; Zbair et al. 2018a, b).

The goal of this study is then to prepare carbon material
from ANS that is abundant Moroccan by-products using
steam activation method. The chemical and textural properties
of these carbon materials were determined, using different
analysis techniques, to highlight their influence on the perfor-
mance of the carbon in BPA and diuron adsorption. In addi-
tion, the response surface method (RSM) was used to get a
more systematic view of the adsorption process.

Experimental section
Materials and methods

Detailed information on preparation, characterization
methods, adsorption experiments, and regeneration protocol
is described in the Supporting information.

Response surface method

The RSM was used to optimize the adsorption of BPA and
diuron on ANS@H20-120. Three main parameters (X;: pH,
X,: concentration, and Xs: contact time) influencing the ad-
sorption of BPA and diuron onto ANS@H20-120 were cho-
sen for experimental design (Anfar et al. 2017). For the three
parameters studied, the design was elaborated using 2k facto-
rial design experiments (k = 3), six axial point, and three cen-
tral points (de Sales et al. 2013). The effects of independent
factors on adsorption process were analyzed using a quadratic
Eq. (1) as given below: where Y, ao, aj, ajj, and a;; are the
predicted response, constant, linear, interaction, and quadratic
coefficients, respectively. X; and X; are the coded values for
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