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• Mixed municipal discarded matter
(MMDM) removes Cu2+ at concentra-
tions N0.005 mol/l.

• MMDM may contain beneficial scrap
iron, aiding coagulation/flocculation.

• Iron contamination from char made de-
termining Cu2+ sorption capacity diffi-
cult.

• SEM-EDAX revealed copper presence in
dried biochar after sorption.

• FTIR found differences in functional
groups on biochars, particularly paper
char.
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Sustainable methods to produce filter materials are needed to remove a variety of pollutants found in water in-
cluding organic compounds, heavy metals, and other harmful inorganic and biological contaminants. This study
focuses on the removal of Cu(II) from copper aqueous solutions using non-activated char derived from the pyrol-
ysis of mixedmunicipal discardedmaterials (MMDM) using a newheat pipe-based pyrolysis reactor. Adsorption
experimentswere conducted by adding the char to copper solutions of varying concentration (50–250mg/L) at a
constant temperature of 30 °C. The effect of pH on copper adsorption onto the char was also investigated in the
range of pH 3 to 6. Copper removal using the char was found to be heavily dependent on pH, adsorption was ob-
served to decrease below a pH of 4.5. However, the initial copper concentration had a little effect on the sorption
of copper at high concentration solutions (above 100 mg/L). Overall, the biochar showed an effective copper ad-
sorption capacity (4–5 mg/g) when using copper solutions with a concentration below100 mg/L and pH N4.5.
Copper removal using the char tended to follow the pseudo second order kinetic model. Langmuir isothermal
modelwas shown to be the closest fitting isotherm using the linearized Langmuir equation. However, the variety
of feedstock used to produce the char led to a variation in results compared to other studies of more specific
feedstocks.

© 2019 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Activated carbon (AC) has been used since ancient times in medici-
nal and water remediation practices. Hippocrates suggested water
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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should be filtered throughwood char (González-García, 2018) reducing
bad tastes and odours as well as the risk of contracting diseases such as
anthrax (González-García, 2018). Typical practices to produce AC
include an activation process at high temperature involving chemical
or steam treatment and increasing the temperature past 600 °C after
pyrolysis. These processes enhance the properties of a pyrolyzed
substance.

Some heavy metals such as copper (Cu), chromium (Cr), iron (Fe),
magnesium (Mg), and manganese (Mn), are essential micronutrients
as they play important biochemical and physiological roles in biological
systems at ambient conditions (Singh et al., 2011). Anthropogenic
activities have polluted the environment with excess amounts of
heavy metals. Metals such as copper are introduced by industrial efflu-
ents, mining processes and water pipework (Lone et al., 2008). Heavy
metal contamination is mainly due to poor monitoring and waste man-
agement processes in developing nations compared to developed na-
tions (da Silva et al., 2018; Idrees et al., 2018; National Research
Council, 2000). Copper is a natural element with a widespread distribu-
tion, however, exposure to excessive amounts can cause serious health
problems because of its bio-accumulation and toxic effects. Heavy
metals can be removed by different methods including physico-
chemical processes, chemical/electro-chemical processes, coagulation/
flocculation, ion exchange, membrane filtration, and biological sorption
(Al-Saydeh et al., 2017; Gunatilake, 2015). Adsorptionmethods have re-
ceived attention in recent years, with AC adsorbents being produced
from fossil fuel materials such as coke, often involving steam and/or
metal hydroxide activation (Wu et al., 2018).

With sustainable resources becoming a greater concern in recent de-
cades, researchhas focused on theproduction of AC from feedstocks. Py-
rolysis of discarded materials such as rice husks, fruit stones, nut shells
etc. have been extensively researched (Balasundram et al., 2017;
Menya et al., 2018a, 2018b; Momčilović et al., 2011; Satayeva et al.,
2018; Spahis et al., 2008). Furthermore, research has shown that certain
pyrolysis conditions and feedstocks can have negative net CO2 emis-
sions compared with other pyrolyzed adsorbent materials (Moreira
et al., 2017). The pyrolysis of a specific material and the ability of the
produced char to remove aqueous pollutants have also been investi-
gated (El Maguana et al., 2018; Enniya et al., 2018; Marques et al.,
2018; Rashidi and Yusup, 2017). There is a wealth of recent articles re-
garding municipal, industrial and agricultural sewage sludge as a pre-
cursor (Al-Malack and Dauda, 2017; Kaçan and Kütahyalı, 2012; J. Li
et al., 2018). However, there is a lack of information available on char
produced from mixed municipal discarded material (MMDM) as a pre-
cursor material and the feasibility of using this char in water purifica-
tion. Studies that considered MMDM often separated different
materials and pyrolyzed at temperatures around 500 °C followed by ac-
tivation at high temperature, steam, chemical or microwave process
(Kumar and Ganesapillai, 2017).

Ho et al. (2017) found that waste activated sludge, and anaerobic
digested sludge pyrolyzed between 400 and 800 °C, had greater O/C,
and H/C ratio values at lower pyrolysis temperatures rather than at
higher pyrolysis temperatures. This is significant as higher O/C and H/
C values suggest greater potential for surface complexation of heavy
metals. The finding that H/C and O/C values decrease with increasing
temperature is corroborated by Qian et al. (2016). Heavymetal sorption
to char is a complex process as heavy metals are removed via different
mechanisms including surface complexation, electrostatic interaction,
cation exchange and precipitation.

Abdelhadi et al. (2017) found that char pyrolyzed at temperature as
low as 350 °C had a high affinity towards heavy metals due to the pres-
ence of hydroxy, phenolic, carboxylic and methoxy functional groups.
Other studies also reported comparable or even favourable removal of
transition metal ions using low temperature (300–500 °C) char com-
pared to char pyrolyzed at a higher temperature (Abdelhadi et al.,
2017; Luo et al., 2018; Poo et al., 2018). Heavy metals are removed
from aqueous solutions in greater amounts by an ACwith amore highly
negative surface charge due to electrostatic attraction between positive
aqueous heavymetal ions and the surface (Da'na andAwad, 2017). Cop-
per is effectively removed at acidic pH values ranging from 3.5 to 5
(Da'na and Awad, 2017). At higher pH, insoluble copper compounds
such as Cu(OH)2 are formed, which limits the interaction and sorption
by the char. Research has found that there is little increase in metal re-
moval by chemisorption at pH N5 (Abdelhadi et al., 2017; Zhou et al.,
2013).

Mixed municipal discarded material (MMDM) consists of all ma-
terials discarded by a household, this includes plastics, organic mate-
rial, paper, metals, and other materials such as glass. Additionally,
the fractions of different materials present in MMDM varies between
nations, and regions (Jouhara et al., 2017), with information pro-
vided by the World Bank Group (Group, 2012) showing that higher
income level nations tend to discard higher proportions of plastics
and papers and lesser amounts of organic materials than lower in-
come level nations. Different feedstocks have different adsorption
characteristics, thus biochar adsorbents produced from MMDM pro-
cured in different income levels may also have varying adsorption
capacity (Ahmad et al., 2018; Pellera et al., 2012; Rodríguez-Vila
et al., 2018).

The objective of the current study is to examine the feasibility of
using char produced from the pyrolysis of MMDM at low tempera-
ture (≈300 °C) as an adsorbent for aqueous copper removal. With
few articles available regarding the use of mixed feedstocks, the
overall purpose of this work is to determine the ability of pyrolyzed,
non-activated MMDM to adsorb copper from aqueous solution. The
aim is the use of such materials as simple yet effective adsorbents
in a developing nation. To the authors' knowledge there are no
other articles in existence concerning char derived from a heat
pipe-based reactor at 300 °C for use as an adsorbent of heavy metals
such as copper ions.

2. Methodology

2.1. Materials

Titripur sulphuric acid and sodiumhydroxide, both 0.5M concentra-
tion solution and analytical grade copper (II) sulphate pentahydrate
were obtained from Fisher Scientific. Deionised water for the experi-
ments was produced by Vison 250 Deioniser (RS solutions).

2.2. Preparation of char

Pyrex Borosilicate Conical flask (capacity 500 mL) and rubber bung
were obtained from Fisher Scientific. A VELP Scientifica AREX Alumin-
ium stirring hotplate was used to stir the char in solution at a constant
temperature of 30 °C.

The pyrolysis was performed using a heat-pipe based reactor which
provides constant heat flux to the process, described previously by
(Jouhara et al., 2018) and illustrated in Fig. 1. MMDMmixture of plastic,
meat, paper and other foodwaste such as breadwas fed into the reactor.
The pyrolysis retention temperature was set at 300 °C under N2 atmo-
sphere for 12 h. The collected char was left to cool and then crushed
by pestle and mortar. A mechanical sieve was used to separate char
powder with a particle size between 3 mm and 250 μm which was
used in the current study.

2.3. Copper solutions and adsorption experiments

Solutions of Cu2+ ions were prepared by dissolving 12.49 g
CuSO4.5H2O in 500 mL deionised water to produce a 0.1 M stock solu-
tion. The final pH values of the solutions were adjusted to a given pH
as outlined in Table 1 using 0.5 M Titripur sulphuric acid or 0.5 M
Titripur sodium hydroxide solution.



Fig. 1. Schematic drawing of heat pipe based pyrolysis reactor used (Jouhara et al., 2018).

Fig. 2. Experimental set up of magnetic stirring procedure, (A) denotes the rubber bung in
the neck of the conical flask (B), with the temperature control probe (C) inserted through
a small hole in the bung, (D) the magnetic stirring pill and (E) the magnetic stirrer plate.
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Adsorption experiments were carried out in 500 mL Pyrex Borosili-
cate conical flask using 100 mL pH adjusted copper sulphate solutions
and 0.5 g of char powder. The initial concentration of copper sulphate
was between 0 and 250 mg/L and the pH of the initial solution was be-
tween 3 and 6, as listed in Table 1. The samples were stirred magneti-
cally at 360 rpm and temperature was maintained at 30 °C using
hotplate (A VELP Scientifica AREX). The rubber bung was placed on
the neck of the flask to prevent evaporation between sampling (see
Fig. 2). Separate experiments were conducted for time intervals of 1,
5, 10, 30, and 120min for each of the outlined conditions in Table 1. Fur-
ther 24 h experiments were conducted at pH 5 for the determination of
isothermalmodels. The collected sampleswere centrifuged at 6000 rpm
for 150 s, 14 mL of the supernatant were passed through 0.45 μm
Nalgene filter syringes (Thermo Scientific).

This method has been designed in order to explore the effects of pH
as well as to determine kinetic and isothermal properties of the char.

The quantity of the copper retained by the charwas calculated using
the following equation:

Qt ¼
C0−Ctð ÞV

M
ð1Þ

where Qt is the adsorption of copper to char at time t (mg/g) Co is the
initial concentration of copper (mg/L) and Ct is the concentration at
Table 1
Experimental conditions investigated.

pH Initial copper concentration (mg/L)

5 50
5 100
5 150
5 200
5 250
5 0
3 150
3.5 150
4 150
4.5 150
5 150
5.5 150
6 150
time t (mg/L), V is the volume of solution (l) and M is the mass of the
char in solution (g).

2.4. Copper analysis

Copper quantification in the adsorption samples was done using
Flame assisted Atomic Absorption Spectrometry (F-AAS) Perkin Elmer
AA Analyst 100. A calibration curve of copper sulphate solutions in
water was prepared at concentrations of 50, 100, 150, 200, 250 mg/L
starting from a stock solution 0.1 M of CuSO4·5H2O. The samples from
the adsorption study were diluted prior to analysis using Milli-Q
deionised water. All samples were acidified to 5% concentration by vol-
ume using 70% concentration, analytical grade nitric acid.

2.5. Char characterization

2.5.1. Scanning electron microscopy-dual energy X-ray absorptiometry
(SEM-EDAX)

SEM-EDAX analysis was conducted using a Zeiss Supra SEM with
EDAX attachment. Six char samples were explored for their surface
morphology as well as elemental composition. Three of these samples
were analysed before copper sorption, and three samples afterwards.
EDAXwas undertaken in triplicate on each SEM image to identify the el-
emental composition of the scanned sample.

2.5.2. Fourier transmission infra-red (FTIR)
FTIR analysis was carried out on samples of char taken before the ad-

dition of copper solution. This was undertaken to determine the func-
tional groups present in chars of different feedstock precursors. In this
study char was produced from three groups of material, plastics, food/
organic, and paper char, all found in MMDM. It was suspected that
chars produced from these different feedstock groups would have dif-
ferent microscopic and chemical characteristics (Pan et al., 2019;
Zhang et al., 2017).



Fig. 3. SEM image of plastic char (A), food/organic char (B), paper char (C), imaged at 500×
magnification, at a working distance of 13–14 mm, with an electron energy of 10 kV.

780 J. Hoslett et al. / Science of the Total Environment 673 (2019) 777–789
2.6. Adsorption kinetics and isotherms

Adsorption Kinetics and isotherms were determined using non-
linear regression analysis using SAS University Edition. The method of
non-linear regression used was the modified Gauss Newton method.
The pseudofirst order and pseudo secondorder kineticmodels analysed
are displayed in Eqs. (3) and (4) respectively; the Langmuir and
Freundlich adsorption isotherms are shown in Eqs. (5) and (6)
respectively.

The two benefits of using non-linear regression techniques are that
the concentration at equilibrium (Ce) does not need to be known in
order to analyse the adsorption kinetics of the char in solution; and
error transformations do not occur between linear determined values,
and the final non-linear plots as is the case in other studies (Lin and
Wang, 2009). Both non-linear models and linear models were con-
ducted on all pH 5 experiments, equilibrium is assumed to be reached
in 24 h experiments, as well as any experiment where an equilibrium
concentration is reached.

Qe ¼
Ci−Ceð ÞV

m
ð2Þ

Qt ¼ Qe;PFO 1−e−K1t
� � ð3Þ

Qt ¼
K2Qe;PSO

2t
1þ K2Qe;PSOt

ð4Þ

Qe ¼
CeKLQm

1þ KLCeð Þ ð5Þ

Qe ¼ K f Ce
1=n ð6Þ

Qe is the sorption capacity at equilibrium (mg/g), Ci is the initial pol-
lutant concentration (mg/L), Ce is the concentration at equilibrium
(mg/L), V is the volume of polluted solution (L), m is the dosage of ad-
sorbent (g/L), Qe,PFO is the adsorption at equilibrium according to the
pseudo first order kinetic model, K1 is the pseudo first order constant,
Qe,PSO is the equilibrium adsorption according to the pseudo second
order kinetic model, K2 is the pseudo second order constant
(g mg−1 min−1), KL is the Langmuir constant (L mg−1), Qm is the max-
imum sorption capacity in the initial concentration range (mg/g), Kf is
the Freundlich constant (L g−1) and n is the Freundlich intensity
constant.

3. Results and discussion

The results section first presents the SEM-EDAX analysis followed by
the FTIR to show the varying characteristics between chars produced
from different feedstocks, as well as their ability to adsorb copper. Fol-
lowing this, results from the AAS are presented showing the adsorption
kinetics and isothermal models of copper to the char. And lastly the ef-
fect of pH on the adsorption of copper to MMDM derived char is
discussed.

3.1. Char characterization using SEM/EDAX

Fig. 3 A, B and C show SEM images of plastic, food/organic and paper
char, respectively. Regarding the plastic char, it is clearly noticeable that
its surface is fairly featureless compared to organic and paper chars.
Paper char appears to have retained a similar structure to paper precur-
sor material, with latticed fibres clearly visible, this characteristic is not
seen in either the plastic or organic chars. The organic char displays a
highly varied surface with an apparent significant variation in pore
sizes and surface morphology.

Displayed in Fig. 4 A B and C are the SEM images of plastic, food/
organic and paper chars, respectively, analysed using energy
dispersive x-ray analysis (EDAX). Fig. 4 D, E and F show the weight
% of each element in each analysis area for plastic, food/organic and
paper char, respectively. The final bar on the right of the graphs in
Fig. 4 D, E and F show the full area scanwith elemental compositional
results for each char.

The main element in EDAX scans was carbon. However, the
amount was found to vary between paper, plastic and food/organic
chars. Paper char displayed the least amount of carbon in its full
area scan, with food/organic, and plastic chars displaying similar
weight % of carbon in their full area scans. Additionally, elemental
composition was found to vary within the full scans, particularly in
areas where particles with a crystalline appearance were prevalent.



Fig. 4. SEM images of plastic char (A), food/organic char (B), and paper char (C) imaged at 5000× magnification with a working distance of 13–14 mm, and an electron energy of 10 kV
before copper sorption, with elemental composition results for plastic, food/organic and paper chars shown in D, E and F, respectively.
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These crystalline particles often contained greater weight percent-
ages of minerals such as calcium, sodium, zinc and magnesium.
Each different char contains minerals as a result of their presence
in the precursor material (Schreiter et al., 2018).

Paper shows a lower weight % of carbon probably due to paper
consisting predominantly of cellulose. Cellulose has a thermal de-
composition temperature of 300–420 °C; in addition the thermal de-
composition of most plastics occurs at temperatures generally in
excess of 400 °C (Sophonrat et al., 2018). It has also been found
that non pyrolyzed paper and plastic have carbon contents of
40–45% and 65–70% respectively (N. Yang et al., 2018). These values
are very similar to the weight percentage of carbon found in paper
and plastic char in this study. This suggests that the paper and plastic
have not fully pyrolyzed at a pyrolysis temperature of 300 °C. Despite
this, paper is still shown to remove a similar amount of copper com-
pared to the organic feedstock char.

SEM images of char analysed using EDAX after copper adsorption
are shown in Fig. 5 A, B and C with D, E and F showing the copper
weight % in each of the EDAX scans. The final bar on the right of the
bar charts shown in Fig. 5 D–F shows the total area scan results
which show plastic char having lower copper sorption than organic
and paper char. This is possibly due to the reduced surface area of
plastic char compared to the organic char. Plastic char SEM images
revealed a smooth featureless surface indicating a low surface area
when compared to the rougher surfaces of both paper and organic
chars.

Calcium and other mineral content are commonly introduced to
plastics as a filler material, therefore, mineral content present in



Fig. 5. SEM images of plastic char (A), food/organic char (B), and paper char (C) imaged at 5000×magnification with a working distance of 13–14 mm, and an electron energy of 10 kV.
After copper sorption, percentage weight of copper for plastic, food/organic and paper chars shown in D, E and F, respectively.
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the plastic char is likely due to the use of mineral compounds in con-
ditioning the plastic during production (Ranta-Korpi et al., 2014).

3.2. FTIR

FTIR scans displayed in Fig. 6 A, B C and show the FTIR spectra for
plastic, food/organic, and paper char, respectively. SEM-EDAX analysis
displayed in Fig. 4 D and F show that as calcium content increases so
does the oxygen content in plastic and paper chars. The relationship be-
tween Ca and O can be explained in the paper char as calcium carbonate
is added as a filler to paper to improve its structure aswell as its “bright-
ness” (Seo et al., 2017). Indeed, the peaks at 873 cm−1 and 713 cm−1 in-
dicate CO3 presence (Djebaili et al., 2015), this peak is visible in all char
types, but is most pronounced in the paper char FTIR scan (Gupta et al.,
2018). However, these peaks may also suggest the presence of tri-
substituted benzene rings in the paper and organic char (W.-G. Li
et al., 2018). The peak at 1423 cm−1 in both paper and organic chars de-
notes the presence of C_O and O\\H bonds (Pereira et al., 2017), how-
ever, it may also suggest the presence of C\\O\\O stretches in the char
(Kumar et al., 2018). The peak at 1030 cm−1 indicates the presence of
kaolin in paper char. Kaolin is a chemical compound which is used in
the production process of paper as it is used as a filler material
(Bosch-Reig et al., 2017; Tartu, 2015). Fig. 6 A shows the FTIR spectrum
for the plastic char which notably does not possess the strong
1423 cm−1 peak seen in food/organic and paper chars. The peak at
1241 cm−1 denotes the presence of amines in the plastic char (Tang
et al., 2019), with the peak at 1576 cm−1 also showing the presence of
amides. The peak at 1091 cm−1 suggests the presence of aliphatic
ether C\\O or alcoholic C\\O, but could also suggest the presence of
Si\\O\\Si bonds in the char (Nardon et al., 2014). Overall, the FTIR



Fig. 6. FTIR analysis for plastic char (A), food/organic char (B), paper char (C), scanned between 4000 and 400 cm−1.
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results show paper and food/organic chars have similar characteristics,
whereas plastic char has very different characteristics with the other
two chars.

3.3. Sorption mechanisms

There are many sorption mechanisms by which copper is removed
by char, these include complexation, adsorption, physical attraction
(such as van der Waal's), and ion exchange. O/C ratio is thought to
play a large role in the adsorption of copper and other metals to char
(Arán et al., 2016; Chen et al., 2011). Table 2 shows results of linear re-
gression at 95% confidence level including p-values between collated
positive ions, oxygen and negative ions and copper, collected using
SEM/EDAX. Positive ions in the char include calcium, sodium, potas-
sium, iron, aluminium, magnesium and zinc ions. Negative ions
consisted of chlorine, phosphorous, and sulphur. Plastic char shows
strong positive correlations for oxygen, and positive ions with copper,
these being statistically significant with p-values below 0.05. This
shows that ion exchange processes were largely responsible for aque-
ous copper removal in the plastic char.



Table 2
Linear regression results of positive ions, negative ions, oxygen compared against copper
in char samples after adsorption from SEM/EDAX analysis.

Plastic Paper Organic

Oxygen: copper
Oxygen content range 6.14–25.12% 5.94–30.44% 6.96–10.86%
R2 0.9681 0.41 0.1955
Coefficient 0.029 0.0152 0.1239
Intercept −0.0772 0.3452 0.6409
p-Value 0.0024 0.1708 0.2562

Positive ions: copper
Positive ions content range 0.92–13.06% 6.21–29.22% 4.94–9.29%
R2 0.9855 0.2024 0.0094
Coefficient 0.047 0.014 0.0246
Intercept 0.0464 0.3279 1.5028
p-Value 0.0007 0.3707 0.7884

Negative ions: copper
Negative ions content range 0.44–1.55% 0.88–2.71% 1.20–2.51%
R2 0.8834 0.0904 0.1126
Coefficient 0.4983 0.1115 0.095
Intercept −0.1349 0.3927 0.3426
p-Value 0.0175 0.5625 0.5155
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Paper and food/organic chars show weak correlations and no statis-
tical significance between copper and either positive ions/negative ions/
oxygen. This indicates that processes other than ion exchangemay have
Fig. 7. (A) pH 5, initial concentration 150mg/L; (B) pH 5, initial concentration 100mg/L; (C) pH
showing pseudo second order kinetic model, and red lines showing pseudo first order kinetic
referred to the web version of this article.)
a larger effect on the removal of copper from solution in paper and food/
organic chars. Such processes may include surface complexation, phys-
ical attraction (van der Waal's), or the replacement of R-H groups with
R-Cu+ or R-Cu-OH groups (Li et al., 2017).

3.4. Adsorption kinetics

The results from the adsorption kinetics for all experimental condi-
tions are shown in Fig. 7 with statistical analysis displayed in Table 3.
Where Qe,PSO is the equilibrium adsorption according to the pseudo sec-
ond order kinetic model, K2 is the pseudo second order constant, R2 is
the coefficient of determination, Qe,PFO is the adsorption at equilibrium
according to the pseudo first order kinetic model, K1 is the pseudo
first order constant. Notably, no sorption was observed below pH 3.5.
In acidic conditions the surface groups are protonated. In addition,
there is also competition between the hydronium and copper ions,
thus resulting in free copper ions remaining in solution and a decreased
sorption of copper to char (Cibati et al., 2017). At higher pH, the depro-
tonation of the surface groups means that char particles are more likely
to have negatively charged sites, meaning more electro-static interac-
tion with positively charged copper ions (Arán et al., 2016).

Another notable observation from Fig. 7 and Table 3 is the variation
in some experiments. The experiment regarding 100 mg/L, at pH 5
shows a higher sorptive capacity when compared with other experi-
mental conditions. It is possible that the char used in each of the
5, initial concentration 250mg/L; (D) pH 6, initial concentration 150mg/L with blue lines
model. (For interpretation of the references to colour in this figure legend, the reader is



Table 3
The non-linear regression results for kinetic adsorption models compared with actual data.

Conditions Qe,PSO (mg·g−1) K2

(g·mg−1·min−1)
R2 Qe,PFO (mg·g−1) K1

(min−1)
R2

150 mg/L, pH 6 non-centrifuged initial solution 27.5571 0.6236 0.5406 27.3985 3.0752 0.5402
150 mg/L, pH 6 centrifuged initial solution 3.8726 0.3357 0.990 3.6249 1.0060 0.9692
150 mg/L, pH 5 4.5473 0.00475 0.933 4.2962 0.0152 0.9535
250 mg/L, pH 5 5.2404 0.00181 0.9264 4.9301 0.00685 0.9327
100 mg/L, pH 5 5.6321 0.0225 0.9279 5.1757 0.0976 0.8501
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experiments had a slightly different composition of plastic, paper and
organic chars. Different precursor materials have different conditions
of pH at which they perform best as adsorbents, as well as different
sorptive capacities (Keno et al., 2016).

The majority of the results in Table 3 show that the Pseudo second
order kinetic model is the best fitting model for the sorption of copper
to low temperature pyrolyzed MMDM across the experimental condi-
tions used. An interesting result can be observed between 150 mg/L
pH 5, and 150 mg/L pH 6 where there is an apparent decrease in sorp-
tion. Demirbas et al., 2009 had observed the precipitation of Cu(OH)2
which started at pH 6 (Demirbas et al., 2009). The findings from the ex-
periment carried out in this paper confirm this observation and the re-
duction of sorption capacity of Cu(II). To further investigate, the initial
solution at pH 6 was centrifuged. Centrifuging the solution removed
the copper hydroxide precipitate from the sample. Using AAS to analyse
both the centrifuged supernatant of the initial solution and non-
centrifuged initial solution it was found an aqueous copper concentra-
tion of around 30 mg/L was present in the supernatant of the centri-
fuged solution with the non-centrifuged solution still containing
150 mg/L of copper. The concentration was reduced to 10.9 mg/L over
120 min of stirring with char. The results derived from centrifuged ini-
tial solution reveal the actual copper adsorption to char to be
3.82 mg/g at an initial solution (pH 6 and initial concentration of
150 mg/L), with hydroxide precipitation being the principal process of
copper removal. Meanwhile with the non-centrifuged samples (pH 6
and initial concentration of 150 mg/L) the copper removal was approx-
imately seven-times higher. This is promising for industries that use al-
kaline solutions to precipitate heavy metals, as a low-cost char
produced from municipal waste could also be added to these chemical
treatment processes to assist in heavy metal removal thus reducing op-
erating costs of chemical waste treatment facilities.

The reason for the increased sorption capacity at higher initial pH is
potentially due to the increased presence of Cu(OH)+ in solution (Zhou
et al., 2019). The Cu(OH)+ ion increases in amount to a maximum at
Fig. 8. Kinetics of copper desorption at higher concentra
around pH 6. Then the concentration of Cu(OH)+ decreases to 0 mol/l
at around pH 8 (Albrecht et al., 2011). This ion exists in an equilibrium
with Cu2+ seen in Eq. (7). As Cu(OH)+ adsorbs to the char, the equilib-
rium shifts to replace the Cu(OH)+, reducing the Cu2+ concentration.
This mechanism could also result in the increased chemi-sorption ca-
pacity of the char, the Cu(OH)+ ion only requires one negatively
charged site,whereas the Cu2+ ion can occupy two closely situated neg-
atively charged sites. Additionally, when the Cu2+ ion adsorbs to the
char it may still possess a positive charge, potentially repelling other
positively charged ions from adsorbing to active sites nearby. This is
demonstrated in Eqs. (8), (9) and Eq. (10) where a deprotonated hy-
droxyl group represents an “active site”. The Cu(OH)+ ion thus in-
creases the likelihood of sorption, and the capacity of the char to
adsorb copper in solution (Jin et al., 2016; Albrecht et al., 2011).

Cu2þ þ 2H2O⇋Cu OHð Þþ þH3O
þ ð7Þ

R−O− þ Cu OHð Þþ→R−O−CuOH ð8Þ

R−O− þ Cu2þ→R−O−Cuþ ð9Þ

2 R−O−ð Þ þ Cu2þ→2 R−Oð ÞCu ð10Þ

A common observation seen in experiments of high initial copper
concentration (N100 mg/L) or low pH (b5) was a rapid removal of cop-
per followed by an apparent desorption of copper. This phenomenon
can be seen in Fig. 8. The initial rapid increase and subsequent decrease
in sorption make the fit with the pseudo second and pseudo first order
models less closely fitting to the data collected. This shows that the
sorption of copper to pyrolyzed MMDM reaches a saturation point
above the equilibrium point in these high initial concentrations, or
low pH conditions (Adeyemo et al., 2014; Pillai et al., 2013). Fig. 8 also
shows that the adsorption can increase past the initial decrease. This is
not reported in literature as durations at which samples are taken for
tion experiments; 250 mg/L and 100 mg/L (pH 5).



Table 4
Table showing adsorption isotherm models.

Langmuir Freundlich

KL QM R2 n Kf R2

Linear regression method 0.123 4.144 0.8290 15.221 1.819 0.5792
Non-linear regression method 0.081 4.781 0.466 4.8643 1.5527 0.3887
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kinetic studies are commonly in excess of 10 min after starting the agi-
tation of copper solution with char (Batool et al., 2017; Jalayeri and
Pepe, 2019; Shen et al., 2018; Xiao et al., 2017; Zhou et al., 2013). Fur-
ther studies should therefore be conducted to determine the adsorption
characteristics of copper to biochar in its initial stages during the first
few minutes of contact.

3.5. Adsorption isotherms

Isothermal models describe the nature of sorption or an adsorbate-
adsorbent interaction. The Langmuirmodel assumesmonolayer adsorp-
tion, whereas the Freundlich model also allows for multi-layer adsorp-
tion. Table 4 shows the isothermal models assessed during this study,
results from both the linear and non-linear methods are shown. Using
the linear method for determining the isotherms, the Langmuir model
was found to have the greatest R2 value. The higher R2 value in this
case suggests that monolayer sorption has probably occurred. The low
R2 values in the isothermal models are probably due to the variation
in feedstock material. Other studies on copper adsorption using char
(Ahmad et al., 2018; Rodríguez-Vila et al., 2018) have found variations
in Langmuir constants, maximum sorption capacities and R2 values be-
tween different materials pyrolyzed at the same temperature. The ma-
terials in these studies are of similar origin being either manures or
excess organicmaterial, however they exhibit different isothermal char-
acteristics despite the similarity. It can therefore be stated that the wide
range of precursor materials in this study accounts for the poorer fits in
the isothermal data.

3.6. Effect of pH on copper sorption to char

The effect of pH on copper sorption to char has been investigated.
Fig. 9 shows the effect of initial solution pH on copper sorption to
MMDM char. As initial solution pH increases from 3 to 5.5, the sorption
of copper to char also increases. However, there is a decrease in copper
sorption at pH 6. This can be explained due to the increased amount of
Fig. 9. Figure showing pH effect on copper sorptio
Cu (OH)2 precipitate produced at higher pH, thus decreasing the avail-
ability of copper ions in solution. Results for pH 3 show apparent de-
sorption of copper from the char, this is however unlikely as no
significant trace of copper was detected in the SEM/EDAX scans before
copper sorption.

A previous study regarding pH effects on copper adsorption to bio-
char showed that adsorption capacity plateaus as pH increases, with
copper adsorption tending to plateau at around a pH of 5 (Goh et al.,
2019). The same phenomenon was observed in this study where the
inhibiting effects of H3O+ ions reduce the ability of char to adsorb cop-
per at pH below 4.5. At pH N5.5 adsorption is reduced due to copper hy-
droxide precipitation becoming the major removal mechanism.

4. Discussion

4.1. Meaning and impact of results

To enable comprehensive discussion, Table 5 has been added to
show results from similar studies regarding copper adsorption along
with the findings from this paper. Clearly in literature there are chars
that exhibit very high (N30 mg/g) copper adsorptions. These chars,
however, tend to be produced using higher pyrolysis temperatures
than in this study, and/or involve chemical activation steps as well.
The table also shows that non-activated agricultural wastes pyrolyzed
at the same temperature as in this study show similar adsorption
amounts. This study observed that chars derived from food/organic
waste had a higher adsorption of copper than chars derived from plas-
tics under the same conditions. It is therefore possible that the MMDM
char from the pyrolysis of domesticwaste could exhibit a higher adsorp-
tion of copper if plastic is removed from the feedstock using the same
pyrolysis conditions as those in the study on agricultural waste in
Table 5 (Pellera et al., 2012). From the table it is noticeable that research
tends to focus on the pyrolysis of specific feedstock rather than themix-
ture used in this study (Arán et al., 2016; Frišták et al., 2015; F. Yang
et al., 2018; Zhou et al., 2017).

The purpose of this study is to investigate whether char produced
from MMDM could be used to remove copper ions from solution with-
out the need for chemical, steam, or temperature activation. The sorp-
tion performance of activated carbons for commercial use is far
greater than the char in this work. Despite this, the results show that
char for effective copper adsorption below an initial concentration of
100 mg/L with a solution pH N4.5 can be produced using MMDM and
can be used effectively to reduce copper concentration. This indicates
the potential use of simply produced char for copper removal in areas
n to char at initial concentration of 150 mg/L.



Table 5
Copper adsorption results from this study compared to copper adsorption results in similar studies.

Precursor material Dosage
(g/L)

Initial conc. (mg/L) pH Agitation
time (min)

Adsorption
(mg/g)

Source

Current study
MMDM pyrolyzed at 300 °C for 12 h 5.00 50 5 1440 3.42 Current study
MMDM pyrolyzed at 300 °C for 12 h 5.00 100 5 1440 6.28
MMDM pyrolyzed at 300 °C for 12 h 5.00 150 3.5 1440 2.44
MMDM pyrolyzed at 300 °C for 12 h 5.00 150 4 1440 4.92
MMDM pyrolyzed at 300 °C for 12 h 5.00 150 4.5 1440 5.15
MMDM pyrolyzed at 300 °C for 12 h 5.00 150 5 1440 4.26
MMDM pyrolyzed at 300 °C for 12 h 5.00 150 5.5 1440 6.08
MMDM pyrolyzed at 300 °C for 12 h 5.00 150 (reduced to 30

by precipitation)
6 120 3.82

Other studies
Kelp, magnetised after pyrolysis 16.67 1200 Not specified 1440 69.35 (Son et al., 2018)
Hijikia, magnetised after pyrolysis 16.67 1200 Not specified 1440 67.43 (Son et al., 2018)
Rice straw, activated using ZnCl2 prior to pyrolysis 0.4 140 5 1440 41.5 (Yin et al., 2018)
Giant Miscanthus pyrolyzed at 500 °C for 1+ h 2 150 6 2880 15.4 (Shim et al., 2015)
Rice straw pyrolyzed at 600 °C for 4 h 2 100 5 1440 42.1 (Park et al., 2017)
Anaerobically digested algae-dairy-manure
slurry pyrolyzed at 400 °C for 30 min

2 400 6 1440 21.12 (Jin et al., 2016)

Hickory chips pyrolyzed at 600 °C for 2 h 1 100 5 1440 2.64 (Ding et al., 2016)
Rice husks pyrolyzed at 300 °C 5 50 5 120 4.6 (Pellera et al., 2012)
Olive pomace pyrolyzed at 300 °C 5 50 5 120 4.4 (Pellera et al., 2012)
Orange waste pyrolyzed at 300 °C 5 50 5 120 4.1 (Pellera et al., 2012)
Compost Pyrolyzed at 300 °C 5 50 5 120 7 (Pellera et al., 2012)

787J. Hoslett et al. / Science of the Total Environment 673 (2019) 777–789
downstream of industries such as mining operations in developing
countries, with the removal capacity of the MMDM char being shown
to be around 4–5 mg/g between 50 and 100 mg/L.

The experiment using pH 6 saw the aqueous copper concentration
reduction from 150 mg/L to 30 mg/L, with the MMDM char further re-
ducing this to 10.9 mg/L. This shows that MMDM char may be applica-
ble to drinking water filter applications in the developing world where
poor waste management leads to degraded drinking water sources (da
Silva et al., 2018; Idrees et al., 2018). The char may also be applicable in
industrial waste water treatment, where it could be used as an additive
to reduce the requirement of hydroxide for precipitation (Peligro et al.,
2016), and thus operational costs in heavy metal removal. Pyrolyzed
MMDM could also be applied to sustainable drainage and remediation
systems where heavy metals in surface water discharge are increased
by anthropogenic activities.

Discarded food and organic material represent a significant environ-
mental issue, requiring large amounts of land and water for manage-
ment. Additionally, food/organic waste contributes to CO2 emissions,
soil erosion and deforestation, in addition to the cost related to waste
collection, transport to disposal sites, recycling and segregation
(Jouhara et al., 2018). The previous study by Jouhara et al. (2018) fo-
cused on developed nations rather than developing nations. Data from
the world bank group shows that food/organic material accounts for a
higher proportion of MMDM in developing nations compared to devel-
oped nations (Group, 2012). It can be seen that pyrolysis processes used
for wastemanagement in developing nations could have a dramatic en-
vironmental impact. In terms of human health impact, pyrolyzing food/
organic waste for use in household applications such as water filters
could be very significant. Char is extensively researched for its adsorp-
tion capabilities and has shown favourable removal for a wide range
of pollutants including pesticides, nitrates, heavy metals, pharmaceuti-
cals and pathogens (Ding et al., 2016; Hass and Lima, 2018; Ozbay and
Yargic, 2018; Satayeva et al., 2018; Son et al., 2018; Tan et al., 2015). If
these can be effectively removed using char produced from local
MMDM, profound health and environmental impacts are possible. Ad-
ditionally, food waste attracts pests which can be a source of disease
(Papargyropoulou et al., 2014), thus pyrolyzing discarded organicmate-
rial could reduce illness due to waterborne contaminants like heavy
metals as well as indirectly reducing diseases spread by rodents and
other pests.
5. Conclusion

This article focused on the use of MMDM char as an adsorbent for
the developing world, specifically towards its use in a decentralised
drinking water application for the removal of copper ions from
water. The results show that char produced from mixed feedstocks
can be used successfully to remove copper from aqueous solutions.
Maximum sorption capacity of low temperature (≈300 °C) MMDM
chars is shown to be 4–5 mg/g in the initial copper concentration
range of 50–100 mg/L. The correlation with kinetic and isothermal
models was affected by the variation in amounts of plastic, organic,
and paper chars in the MMDM samples used for sorption, where
each of these precursor materials produces chars of different charac-
teristics. Plastic char exhibited high correlation between positive
ions at the char surface and copper in SEM/EDAX scans, whereas
paper and organic chars showed less localised concentrations of cop-
per, indicating a difference in copper removal mechanisms between
plastic, organic and paper chars. Further work before the char is used
in a decentralised drinking water application should focus on any
potential leaching of harmful polycyclic aromatic hydrocarbons
(PAHs) and Dioxins from the char. Additional work may also include
the removal of organic contaminants such as pesticides using a char
of a similar nature to the char used in this study.
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