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Abstract

Purpose – The aim of this study is to examine the effect of carbonization on the surface and its influence on
heavy metal removal by water hyacinth based carbon.
Design/methodology/approach – Dried water hyacinth stem was used as precursor to prepare carbon
based adsorbent by pyrolysis method. The adsorbent proximate (ash, volatile matter and fixed carbon) and
elemental (carbon hydrogen nitrogen sulfur) composition, surface area, pore size distribution, surface
chemistry was examined and compared.
Findings –The results demonstrated that through carbonization in comparison to dried water hyacinth stem,
it increased the surface area (from 58.46 to 328.9 m2/g), pore volume (from 0.01 to 0.07 cc/g), pore size (from 1.44
to 7.557 �A) thus enhancing heavy metal adsorption. The metal adsorption capacity of Cd, Pb and Zn was
measured and analyzed through induced coupled plasma-mass spectrometer. Atmetal concentration of 0.1mg/
l adsorption rate for Cd, Pb and Zn was 99% due to increased large surface area, coupled with large pore size
and volume. Furthermore, the adsorbent surface hydroxyl group (OH�) enhanced adsorption of positively
charged metal ions through electrostatic forces.
Practical implications – It is presumed that not only adsorption with synthetic wastewater but real
wastewater samples should be examined to ascertain the viability of adsorbent for commercial application.
Originality/value – There are little or scanty data on the effects of carbonization on water hyacinth stem
based carbon and subsequent effects on heavy metal removal in effluents.
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1. Introduction
According to Research andMarkets (2020) forecast, it is projected that global adsorbent demand
by industries (water treatment, air separation, drying, packaging, petroleum refining) will be
worth USD $ 5.4 billion by 2023 (Global Adsorbent Market Report, 2021). The market driving
factors is due to increased domestic water consumption for drinking (WHO, 2019), air
purification in coal fired power plants (Mercury control) and increasing stricter lawswith regard
to environmental restoration and protection (Research and Markets, 2020). Available
competitive commercial bio-adsorbents for removal of heavy metals from waste water include
but not limited to graphene, activated carbon, carbon nanotubes, rice husk, surfactant modified
waste andmodified sugarcane bagasse, wheat bran, coconut waste, orange peel waste, sawdust
and egg shell among others (Renu and Agarwal, 2017) and activated carbon. In addition, the
demand for carbon based adsorbent will increase in tandem with growing focus on
sustainability and environmental recovery (Gupta, 2011a, b; Research and Markets, 2020).
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This is because it offers a sustainable alternative to the current conventional wastewater
treatment technologies which include: ultrafiltration (Landaburu-Aguirre, 2009; Sampera, 2009),
nanofiltration (Murthy, 2008;Muthukrishnan, 2008; Nguyen, 2009; Figoli, 2010), reverse osmosis
(Mohsen-Nia, 2007, chemical precipitation (Ku, 2001; Pawar, 2018b), ion exchange (Alyuz and
Veli, 2009), electro dialysis (Sadrzadeha, 2009), coagulation (Chang andWang, 2007; El Samrani,
2008), electrochemical process (Heidmann, 2008), flocculation (Bratskaya et al., 2009), flotation
(Polat, 2007) and adsorption (Park, 2007; Kongsuwan, 2009; Guo, 2010; Subbaiah, 2016; Malik,
2017), electrolytic recovery (Al-Gheethi, 2015), electrocoagulation (Pirkarami, 2017; Karimifard,
2018), electrokinetic processes (Kumar, 2012; Sahu, 2018;Alka, 2021),membrane technology (Fu,
2011), nanophyto-remediation (Asante-Badu, 2020; Alka, 2021), phytobial remediation (Roy,
2015), phyto-remediation (Farraji, 2016). The adsorption technique has proven to be an effective
and alternative to other conventional methods applied due to low operation cost, high metal
removal efficiency, readily available and simple design systems (Malik, 2017).

The carbon materials that are widely used in adsorption process are often derived from
fossil-based raw material mainly coal, silica and bauxite (Saleem, 2019). However, these
source materials have proven to be unsustainable and expensive, since they are obtained
from Earth mineral (Research and Markets, 2020). For this reason, several studies have been
carried out on alternative adsorbent materials, particularly carbon derived from
lignocellulose based adsorbent (Norshila, 2021). Numerous studies have demonstrated that
carbonization improves heavy metal adsorption performance of lignocellulose based
adsorbent for instance banana peel (Ajmi, 2018), pineapple peel (Shifera, 2017), orange peel
(Ali, 2017), apple peel (Rasheed, 2013), leucaena leucocephala seed pod (Yusuff, 2019), rubber
leaf (Nag, 2015), barley straw (Pehlivan, 2012), sugarcane bagasse (Razi, 2018), walnut shell
(Ghasemi, 2015), peanut shell (Ali, 2016), rape seed (Morosanu, 2017), soya bean seed (Gaur,
2018), aloe vera leaf (Malik, 2015) neem leaves (Pawar, 2018a), rice husk (Agrafioti, 2014).
Carbonization increases surface area, pore size and volume, surface functional group leading
to high metal adsorption capacity (Norshila, 2021). Lignocellulose based adsorbents are
mainly made up of cellulose 30–35%, lignin 15–25%, hemicellulose 20–40% (Muktham,
2016). The main functional group in a carbonized precursor is pectin which contains key
functional group are hydroxyl, carboxyl and methoxyl. The hydroxyl group binds heavy
metals which subsequently enhances or increases metal adsorption capacity (Liu, 2019;
Gupta, 2020).

Water hyacinth (Eichhornia crassipes (Mart.) Solms 1883) is an invasive pan tropical
aquatic weed and belongs to the family of Pontederiaceae (Barret, 1988; Pellegrini, 2018). In
1993, it was discovered at Lake Victoria basin, Kenya (Kateregga, 2009). The weed has
reemerged rapidly as a result of climate change impact and anthropogenic activities
(Albright, 2004). Its rapid spread is attributed to increasing effluent release from sewer
facilities, rural agriculture and local industries (Opande, 2004; Pellegrini, 2018). This has led to
high nutrient level exacerbating rapid growth and invasion of water hyacinth (Luilo, 2008).
Water hyacinth infestation gives rise to anoxic conditions thus inhibiting decomposition of
organic matter and subsequent fish decline (Champion and Tanner, 2000; Toft, 2003; Hestir,
2015). Current conventional control methods which include mechanical, biological and
chemical methods have been applied but proven to be ineffective and unsustainable due to
their rapid multiplication within short period of time (Hill, 1999; Julien, 2000; Hestir, 2015).
Therefore, a sustainable abatement method is necessary in the long term.

Previous studies have demonstrated the potential ability of water hyacinth adsorbent in
metal removal. This research study explored the effect of carbonization on the surface and
subsequent influence on heavymetal removal bywater hyacinth stem. Prior to its application
in wastewater treatment, an understanding of its physio-chemical properties and subsequent
influence on heavy metal adsorption is necessary. Langmuir isotherm adsorption model was
applied to depict metal adsorption at equilibrium.
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2. Material and methods
2.1 Adsorbent preparation and characterization
Dried water hyacinth stem was obtained from Lake Victoria, Kenya. During adsorbent
preparation, 10 g of dried water hyacinth stem was weighed by Precisa XT 220 A and placed
in the muffle furnace (Bello, 2017) at 200 8C for 1 h. The carbonized sample was then placed in
a desiccator to cool down and washed with distilled water. It was then dried in a drying oven
at 105 8C. Thereafter the samplewas then grinded and sieved to fine particles using pestle and
mortar and the testing sieve (400 mm and 0.25 mm) respectively (Bulta and Michael, 2019).

Elemental analysis was carried out using Elemental Analyzer, Flash 2000 Thermo-fisher
(Januszewicz, 2020). Proximate experiment was conducted as follows: 1 g of dried water
hyacinth stem was placed in a crucible covered with lid and then dried in a drying oven.
A temperature of 900 8C the crucible was placed in the furnace for 15 min to determine the
volatile matter content, then the sample was cooled in a desiccator. On the other hand, ash
content was determined at 900 8C for 1 h at constancy, after which the sample was cooled in a
desiccator. Fixed carbon was calculated as shown in Eq. (1):

Fixed carbon dry ¼ 100� ðVolatile contentþ Ash contentÞ (1)

Brunauer Emmett Teller (BET) surface area, Autosorb IQ, Quanta chrome (Stehmann, 2017)
was used to estimate adsorbent surface area, pore size diameter and volume. The samples
were treated by outgas method at 100 8C for 4 h. The pore volume and surface area of the
adsorbent was obtained from the amount of N2 adsorbed at relative pressure P/Po of 0.999,
t-Method by de Boer.

Background spectrum analysis was carried out with no sample. It was then uniformly
spread on the crystal surface. The clamp was adjusted to hold the sample firmly and then
analyzed. After analysis the sample was cleaned using non-abrasive material. Resolution and
wavenumber setting was 4–8 cm�1 and 4000–400 cm�1 (Bello, 2017).

The sample was dried in a drying oven at 110 8C, then it was mounted onto a substrate
with a conductive material. The sample specimen was coated with a thin film of conductive
material since it is non-conductive material. The coating was performed by vacuum
evaporation to obtain a uniform thickness during scanning of the sample (Januszewicz, 2020).

2.2 Research design
2.2.1 Batch adsorption design. The stock solution of 1 g/l of Zn, Cd and Pb was prepared by
dissolving 1 g of ZnCl2, CdCl2, PbCl2 obtained fromDuksan Pure Chemicals in 1000ml conical
flask using distilled water. The sample solution was then mixed by Magnetic stirrer (Jenway
1,000) (Abdolmohammad Zadeh, 2020) for 30 min. Thereafter the standard solution was
further diluted with distilled water between 0.1 and 50 mg/l solution for adsorption studies.

Adsorption isotherm was carried out in by adding 1 g of carbonized water hyacinth stem
into 100 ml solution with initial concentration of Zn, Pb and Cd ranging from 0.1 to 50 mg/l in
duplicate. The initial pH value was 4. The flasks were agitated in a shaking incubator (VS-
8480 F) at 25 8C from 15 min to 5 h. The solution pH was controlled using 0.1 N HCl or 0.1 N
NaOH and mixed with magnetic stirrer. After adsorption, the solution was filtered using MF
membrane filters, Millipore 0.45 mm prior to heavy metal analysis by ICP, PerkinElmer
Optima 2100DV (Shahbazi, 2019). The heavy metal adsorption capacity (qe) and removal rate
% of carbonized water hyacinth stem were calculated in Eqs (2) and (3) respectively (Sabir,
2020). The adsorption data were analyzed using Minitab 17 software and presented using
graphs and table:

Removal rate% ¼ ðCo � CeÞ
Co

3 100 (2)
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Adsorption capacity qe ¼ ðCo � CeÞV
M ðgÞ (3)

where Ce represents equilibrium concentration and Co is the initial concentration andM (g) is
the mass of the adsorbent. Studies on the effect of surface area, pore size and volume, surface
functional groupwere performed in the range of 5–8 pH, 0.2–1 g/100ml adsorbent dosage, 1 h
contact time and 30 8C temperature.

Langmuir adsorption isotherm model was applied for linear regression analysis to
describe (correlation coefficient, R2) heavy metal adsorption at equilibrium. Langmuir model
is an adsorption isotherm model that assumes mono-molecular layer is formed when
adsorption occurs and no interaction between adsorbed molecules (Langmuir, 1918). The
Langmuir isotherm model in linear form is expressed as shown in Eq. (4):

Ce

qe
¼ 1

qb
þ Ce

q
(4)

b is the Langmuir constant which represents adsorption energy, qe is the adsorption capacity
at equilibrium, Ce is the metal concentration at equilibrium (mg/l) and q is the monolayer
adsorption capacity. The Langmuir adsorption in dimensionless form RL is expressed in
Eq. (5):

RL ¼ 1

1þ kLCo

(5)

RL > 1 means adsorption is unfavorable, RL 5 1 adsorption is linear, if it is between
0 < RL > 1 means adsorption is favorable while RL 5 0 means adsorption is irreversible.

3. Results and discussion
3.1 Proximate and elemental analysis
Results obtained on proximate and elemental analysis (Table 1), revealed no presence sulphur
content in the carbonized adsorbent washed with deionized water. In addition, a 5% increase
in carbon content was observed which was due to the removal of impurities (organic
materials). As a result, the carbon content of an adsorbent is not only dependent on the raw
material but the preparation process (Norshila, 2021).

Parameters Values %

Moisture content 4.93
Ash content 14.01
Volatile matter content 22.41
Carbonw 48.83
Carbonnw 44.53
Compressive strength 9.0 MPa
Hydrogen 3.88
Sulphurw 0
Sulphurnw 0.13

Note(s): Carbonw -carbon obtained from carbonized WH stem washed with deionized water
Carbonnw -carbon obtained from carbonized WH stem not washed with deionized water
Sulphurw -Sulphur obtained from carbonized WH stem washed with deionized water
Sulphurnw-Sulphur obtained from carbonized WH stem not washed with deionized water

Table 1.
Physio-chemical
analysis of carbonized
water hyacinth
(WH) stem
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3.1.1 BET surface area. Table 2 reveals high BET surface area for carbonized WH stem
328.9 m2/g compared to the dry WH stem 58.46 m2/g. In addition, high total pore volume
0.07 cc/g and pore size of 7.557 �A was also observed in carbonized WH stem. This was
attributed to the breakdown of strong covalent bond that holds the lignocellulose structure
during carbonization (Benaddi, 2000; Muktham, 2016).

3.1.2 Surface chemistry. The Fourier transform infrared spectroscopy (FTIR) spectra of
carbonized WH stem is illustrated in Figure 1. The adsorbent r-stretching at 3,429 cm�1 was
due to OH group while 2918.99 cm�1 is attributed to aliphatic group (C-H) (Kennedy, 2005;
Hastuti, 2017). The band at 1,619.04 cm�1 represents C5C stretch while weak bands
appearing at 1,318.39–591.59 cm�1 is attributed to C5OandC-O stretching (Biniak, 1999; Liu,
2019). Negatively charged OH group has a great influence on the surface chemistry of
adsorbent. During adsorption the positively charge metal ions are easily held by hydroxyl
group due to electrostatic forces (Benaddi, 2000; Gupta, 2020).

3.1.3 Pore structure.Figure 2 demonstrates the pore structure of carbonizedWHstem.The
SEM image shows the pore structure of the adsorbent at magnification of 50 mm.
The formation of mesopore is attributed to carbonization process which resulted in the
breakdown of covalent bonds in the lignocellulose structure (Xu, 2014). The large mesopore
size is able to hold large molecule size compared to micropore structure (Radovic, 2001;
Kaykhaii, 2018; Contescu, 2018).

3.2 Metal adsorption with synthetic wastewater
3.2.1 Effect ofmetal concentration. Figure 3 reveals that metal removal rate decreasedwith an
increase in initial heavy metal concentration. At the initial concentration of 0.1 mg/l the

Samples Surface area m2/g Total pore volume cc/g Pore size �A

Dry WH stem 58.46 0.01 1.44
Carbonized WH stem 328.9 0.07 7.557

Table 2.
Carbonized WH stem

surface area and
pore size

Figure 1.
FTIR spectrum of
carbonized Water

hyacinth (WH) stem
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percentage removal rate for Cd, Pb and Zn was 99%, however when the initial concentration
increased to 50 mg/l the removal rate gradually decreased to 85.26, 82.41 and 80.31%
respectively. High removal rate at initial 0.1 mg/l was due to the high driving force that led to
mass transfer of metal ions to adsorbent surface and also sufficient number of available
active sites and pore volume. As the initial concentration increased to 50 mg/l the adsorption
of metal ions was limited by the few available active sites (Aroua, 2008; Maduabuchi, 2018).

3.2.2 Effect of surface area and pore volume. Figure 4 demonstrated that adsorption
capacity increased with increasing adsorbent dose. An increase in the amount of adsorbent
dosage 0.2–1 g was accompanied by high removal rate of Pb, Zn and Cd ions increasing from
approximately 80% to a maximum 100%. At 0.4 g adsorbent dose, the number of available
active sites, pore volume and surface area increased leading to high adsorption capacity
whereas at initial 0.1 g adsorbent dose adsorption of metal ions was limited by the few
available active sites, pore number and small surface area (Guo and Lua, 2003; Xu, 2014;
Kaykhaii, 2018).
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Figure 2.
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3.2.3 Effect of surface functional group. Figure 5 reveals at pH 5maximum removal rate of
99.6, 99.08 and 99% for Cd, Pb and Zn respectivelywas achieved. As the pH increased 5–8, the
metal removal rate gradually decreased to 88.14, 81.12 and 73.98% respectively. At pH 5,
maximum adsorption was attained due to low competition between the positively charged
metal ions and negatively charged OH group, however at pH above 8 metal removal rate
decreased due to precipitation of metal ions (Hastuti, 2017). Previous studies have shown that
at low pH in the range 1–3 there is low metal uptake due to competition between H3O

þ and
metal ions leading to hydrolysis (Gupta, 2020).

3.3 Langmuir isotherm model
Figure 6 illustrates a graph of Langmuir isotherm for Pb, Cd and Zn ions adsorption by
carbonized water hyacinth adsorbent. It was determined that the correlation coefficient, R2

for Langmuir isotherm model was closer to 1 as illustrated in Table 3. This satisfies the
Langmuir model assumptions. From the results analyzed, it demonstrates that Langmuir
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isotherm was effective in evaluating the adsorption capacity of Pb, Cd and Zn metal ions by
carbonized water hyacinth stem (Aboul-Fetouh, 2010; Saltabas, 2012).

4. Conclusion
Water hyacinth is an invasive aquatic weed which has become highly impractical to manage
from aquatic systems, though its metal biosorption and adsorption potential has given a
possible way for application in wastewater management. In this study, the effects of
carbonization on the surface and influence on heavy metal adsorption by water hyacinth
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stem was investigated. Based on the experimental data obtained the conclusion was that,
metal removal was dependent on physio-chemical characteristics and metal ion species. The
adsorbent high surface area (328.9 m2/g), total pore volume (0.07 cc/g), pore size (7.557�A) and
main functional group OH 3429.08 cm�1 had a great influence on adsorption capacity of Zn,
Cd and Pb in synthetic wastewater. Adsorption process was also pH dependent, and the
maximum removal rate of Pb, Zn and Cd was pH 5 at low metal concentration. Pb, Zn and Cd
ion removal rate from synthetic wastewater decreased with increasing initial concentration
from 0.1 to 50 mg/l. As the initial concentration increased, the adsorption of metal ions was
limited by available active sites. Furthermore, adsorbent dosage dose of 1 g with metal
concentration at 50 mg/l led to 99%metal removal rate. This occurred as result of increase in
surface area and available active sites.

There is limited study carried out on direct application of carbonized water hyacinth
stem at industrial scale particularly using wastewater effluent from various industries.
This is probably due to complex nature of industrial effluent containing both organic and
inorganic chemicals. Further research is necessary to obtain high metal removal efficiency
in wastewater management plants with respect to modification in physio-chemical
properties of water hyacinth adsorbent or the design system and its parts that can be
researched further.
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