Available online at www.sciencedirect.com

Bioresource Technology 99 (2008) 3935–3948

Review

Removal of heavy metal ions from wastewater by chemically
modiﬁed plant wastes as adsorbents: A review
W.S. Wan Ngah *, M.A.K.M. Hanaﬁah
School of Chemical Sciences, Universiti Sains Malaysia, 11800 Penang, Malaysia
Received 3 April 2007; received in revised form 18 June 2007; accepted 18 June 2007
Available online 27 July 2007

Abstract
The application of low-cost adsorbents obtained from plant wastes as a replacement for costly conventional methods of removing
heavy metal ions from wastewater has been reviewed. It is well known that cellulosic waste materials can be obtained and employed
as cheap adsorbents and their performance to remove heavy metal ions can be aﬀected upon chemical treatment. In general, chemically
modiﬁed plant wastes exhibit higher adsorption capacities than unmodiﬁed forms. Numerous chemicals have been used for modiﬁcations
which include mineral and organic acids, bases, oxidizing agent, organic compounds, etc. In this review, an extensive list of plant wastes
as adsorbents including rice husks, spent grain, sawdust, sugarcane bagasse, fruit wastes, weeds and others has been compiled. Some of
the treated adsorbents show good adsorption capacities for Cd, Cu, Pb, Zn and Ni.
Ó 2007 Elsevier Ltd. All rights reserved.
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1. Introduction
Heavy metals have been excessively released into the
environment due to rapid industrialization and have created a major global concern. Cadmium, zinc, copper,
nickel, lead, mercury and chromium are often detected in
industrial wastewaters, which originate from metal plating,
mining activities, smelting, battery manufacture, tanneries,
petroleum reﬁning, paint manufacture, pesticides, pigment
manufacture, printing and photographic industries, etc.,
(Kadirvelu et al., 2001a; Williams et al., 1998). Unlike
organic wastes, heavy metals are non-biodegradable and
they can be accumulated in living tissues, causing various
diseases and disorders; therefore they must be removed
before discharge. Research interest into the production of
cheaper adsorbents to replace costly wastewater treatment
methods such as chemical precipitation, ion-exchange, electroﬂotation, membrane separation, reverse osmosis, electrodialysis, solvent extraction, etc. (Namasivayam and
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Ranganathan, 1995) are attracting attention of scientists.
Adsorption is one the physico-chemical treatment processes found to be eﬀective in removing heavy metals from
aqueous solutions. According to Bailey et al. (1999), an
adsorbent can be considered as cheap or low-cost if it is
abundant in nature, requires little processing and is a byproduct of waste material from waste industry. Plant
wastes are inexpensive as they have no or very low economic value. Most of the adsorption studies have been
focused on untreated plant wastes such as papaya wood
(Saeed et al., 2005), maize leaf (Babarinde et al., 2006), teak
leaf powder (King et al., 2006), lalang (Imperata cylindrica)
leaf powder (Hanaﬁah et al., 2007), rubber (Hevea brasiliensis) leaf powder (Hanaﬁah et al., 2006b,c), Coriandrum
sativum (Karunasagar et al., 2005), peanut hull pellets
(Johnson et al., 2002), sago waste (Quek et al., 1998), saltbush (Atriplex canescens) leaves (Sawalha et al., 2007a,b),
tree fern (Ho and Wang, 2004; Ho et al., 2004; Ho,
2003), rice husk ash and neem bark (Bhattacharya et al.,
2006), grape stalk wastes (Villaescusa et al., 2004), etc.
Some of the advantages of using plant wastes for wastewater treatment include simple technique, requires little pro-
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cessing, good adsorption capacity, selective adsorption of
heavy metal ions, low cost, free availability and easy regeneration. However, the application of untreated plant wastes
as adsorbents can also bring several problems such as low
adsorption capacity, high chemical oxygen demand (COD)
and biological chemical demand (BOD) as well as total
organic carbon (TOC) due to release of soluble organic
compounds contained in the plant materials (Gaballah
et al., 1997; Nakajima and Sakaguchi, 1990). The increase
of the COD, BOD and TOC can cause depletion of oxygen
content in water and can threaten the aquatic life. Therefore, plant wastes need to be modiﬁed or treated before
being applied for the decontamination of heavy metals.
In this review, an extensive list of adsorbents obtained from
plant wastes has been compiled and their methods of modiﬁcation were discussed. A comparison of adsorption eﬃciency between chemically modiﬁed and unmodiﬁed
adsorbents was also reported.
2. Chemically modiﬁed plant wastes
Pretreatment of plant wastes can extract soluble organic
compounds and enhance chelating eﬃciency (Gaballah
et al., 1997). Pretreatment methods using diﬀerent kinds
of modifying agents such as base solutions (sodium
hydroxide, calcium hydroxide, sodium carbonate) mineral
and organic acid solutions (hydrochloric acid, nitric acid,
sulfuric acid, tartaric acid, citric acid, thioglycollic acid),
organic compounds (ethylenediamine, formaldehyde, epichlorohydrin, methanol), oxidizing agent (hydrogen peroxide), dye (Reactive Orange 13), etc. for the purpose of
removing soluble organic compounds, eliminating colouration of the aqueous solutions and increasing eﬃciency of
metal adsorption have been performed by many researchers (Hanaﬁah et al., 2006a; Reddy et al., 1997; Taty-Costodes et al., 2003; Gupta et al., 2003; Namasivayam and
Kadirvelu, 1997; Šćiban et al., 2006a; Min et al., 2004;
Kumar and Bandyopadhyay, 2006; Baral et al., 2006; Acar
and Eren, 2006; Rehman et al., 2006; Abia et al., 2006;
Shukla and Pai, 2005a, Low et al., 1995; Azab and Peterson, 1989; Lazlo, 1987; Wankasi et al., 2006). The types
of chemicals used for modifying plant wastes and their
maximum adsorption capacities are shown in Table 1.
2.1. Rice husks/rice hulls
Rice husk consists of cellulose (32.24%), hemicellulose
(21.34%), lignin (21.44%) and mineral ash (15.05%) (Rahman et al., 1997) as well as high percentage of silica in its
mineral ash, which is approximately 96.34% (Rahman
and Ismail, 1993). Rice husk is insoluble in water, has good
chemical stability, has high mechanical strength and possesses a granular structure, making it a good adsorbent
material for treating heavy metals from wastewater. The
removal of heavy metals by rice husk has been extensively
reviewed by Chuah et al. (2005). Among the heavy metal
ions studied include Cd, Pb, Zn, Cu, Co, Ni and Au.

Rice husk can be used to treat heavy metals in the form
of either untreated or modiﬁed using diﬀerent modiﬁcation
methods.
Hydrochloric acid (Kumar and Bandyopadhyay,
2006), sodium hydroxide (Guo et al., 2003; Kumar and
Bandyopadhyay, 2006), sodium carbonate (Kumar and
Bandyopadhyay, 2006), epichlorohydrin (Kumar and Bandyopadhyay, 2006), and tartaric acid (Wong et al., 2003a;
Wong et al., 2003b) are commonly used in the chemical
treatment of rice husk. Pretreatment of rice husks can
remove lignin, hemicellulose, reduce cellulose crystallinity
and increase the porosity or surface area. In general, chemically modiﬁed or treated rice husk exhibited higher
adsorption capacities on heavy metal ions than unmodiﬁed
rice husk. For example, Kumar and Bandyopadhyay
(2006) reported that rice husk treated with sodium hydroxide, sodium carbonate and epichlorohydrin enhanced the
adsorption capacity of cadmium. The base treatment using
NaOH for instance appeared to remove base soluble materials on the rice husk surface that might interfere with its
adsorption property. Tarley et al. (2004) found that
adsorption of Cd increase by almost double when rice husk
was treated with NaOH. The reported adsorption capacities of Cd were 7 and 4 mg g1 for NaOH treated and
unmodiﬁed rice husk, respectively.
Meanwhile, most of the acids used for treatment of
plant wastes were in dilute form such as sulfuric acid,
hydrochloric acid and nitric acid. According to Esteghlalian et al. (1997), dilute acid pretreatment using sulfuric
acid can achieve high reaction rates and improve cellulose
hydrolysis. Concentrated acids are powerful agents for cellulose hydrolysis but they are toxic, corrosive and must be
recovered (Sivers and Zacchi, 1995). However, in some
cases, hydrochloric acid treated rice husk showed lower
adsorption capacity of cadmium than the untreated rice
husk (Kumar and Bandyopadhyay, 2006). When rice husk
is treated with hydrochloric acid, adsorption sites on the
surface of rice husk will be protonated, leaving the heavy
metal ions in the aqueous phase rather than being adsorbed
on the adsorbent surface. Wong et al. (2003a) carried out
an adsorption study of copper and lead on modiﬁed rice
husk by various kinds of carboxylic acids (citric acid, salicylic acid, tartaric acid, oxalic acid, mandelic acid, malic
and nitrilotriacetic acid) and it was reported that the highest adsorption capacity was achieved by tartaric acid modiﬁed rice husk. Esteriﬁed tartaric acid modiﬁed rice husk
however signiﬁcantly reduced the uptake of Cu and Pb.
The maximum adsorption capacities for Pb and Cu were
reported as 108 and 29 mg g1, respectively. Eﬀect of chelators on the uptake of Pb by tartaric acid modiﬁed rice
husk was also studied. It was reported that higher molar
ratios of chelators such as nitrilotriacetic acid (NTA) and
ethylenediamine tetraacetic acid (EDTA) caused signiﬁcant
suppressing eﬀect on the uptake of Pb. Dyestuﬀ treated rice
hulls using Procion red and Procion yellow for the removal
of Cr(VI), Ni(II), Cu(II), Zn(II), Cd(II), Hg(II) and Pb(II)
were studied by Suemitsu et al. (1986). More than 80% of
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Table 1
Summary of modiﬁed plant wastes as adsorbents for the removal of heavy metal ions from aqueous solution
Qmax (mg g1)

Source

Adsorbent

Modifying agent(s)

Heavy metal

Rice husk

Water washed
Sodium hydroxide
Sodium bicarbonate
Epichlorohydrin

Cd(II)

8.58
20.24
16.18
11.12

Rice husk

Tartaric acid

Cu(II)
Pb(II)

31.85
120.48

Sawdust
Sawdust
Sawdust
Sawdust
Sawdust

Sodium hydroxide
Formaldehyde
Sulfuric acid
Sodium hydroxide
Sodium hydroxide

Cd(II)
Cr(VI)
Cu(II)
Ni(II)
Cu(II)
Zn(II)
Cu(II)
Zn(II)

73.62
3.6
13.95
10.47
6.92
15.8
12.7
13.4

Sawdust (Oak tree)

Hydrochloric acid

Cu(II)
Ni(II)
Cr(VI)

3.60
3.37
1.74

Argun et al. (2007)

Sawdust (Pinus sylvestris)

Formaldehyde in Sulfuric acid

Pb(II)
Cd(II)

9.78
9.29

Taty-Costodes et al. (2003)

Walnut sawdust

Formaldehyde in sulfuric acid

Cd(II)
Ni(II)
Pb(II)

4.51
6.43
4.48

Bulut and Tez (2003)

Sawdust

Reactive Orange 13

Cu(II)
Ni(II)
Zn(II)

8.07
9.87
17.09

Shukla and Pai (2005b)

Peanut husk

Sulfuric acid

Pb(II)
Cr(III)
Cu(II)

29.14
7.67
10.15

Li et al. (2006a)

Groundnut husk

Sulfuric acid followed by silver
impregnation
Thioglycollic acid
Thioglycollic acid

Cr(VI)

11.4

Dubey and Gopal (2006)

Cd(II)
Cd(II)
Cu(II)
Zn(II)

NA
26.3
90.9
83.3

Abia et al. (2006)
Horsfall Jr. et al. (2006)

Cu(II)
Cd(II)
Cd(II)
Cu(II)

51.5
101
29.54

Özer et al. (2004)
Özer and Pirinççi (2006)
Min et al. (2004)
Reddy et al. (1997)

(cedrus deodar wood)
(S. robusta)
(Poplar tree)
(Dalbergia sissoo)
(Poplar tree)

Sawdust (Fir tree)

Cassava waste
Cassava tuber bark waste

Wheat bran
Wheat bran
Juniper ﬁbre
Indian barks
– sal
– mango
– jackfruit

Sulfuric acid
Sulfuric acid
Sodium hydroxide
Hydrochloric acid

Jute ﬁbres

Reactive Orange 13

Wong et al. (2003b)
Memon et al. (2007)
Baral et al. (2006)
Acar and Eren (2006)
Rehman et al. (2006)
Šćiban et al. (2006a)

51.4
42.6
17.4

Hydrogen peroxide

Unmodiﬁed

Banana pith
Banana stem
Spent grain

Kumar and Bandyopadhyay (2006)

Nitric acid
Formaldehyde
Hydrochloric acid
Sodium hydroxide

Cu(II)
Ni(II)
Zn(II)
Cu(II)
Ni(II)
Zn(II)
Cu(II)
Ni(II)
Zn(II)

8.40
5.26
5.95
7.73
5.57
8.02
4.23
3.37
3.55

Cu(II)
Pb(II)
Cd(II)
Pb(II)

13.46
91.74
17.3
35.5

Shukla and Pai (2005a)

Low et al. (1995)
Noeline et al. (2005)
Low et al. (2000)
(continued on next page)
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Table 1 (continued)
Qmax (mg g1)

Source

Adsorbent

Modifying agent(s)

Heavy metal

Cork powder

Calcium chloride
Sodium chloride
Sodium hydroxide
Sodium hypochlorite
Sodium iodate

Cu(II)

15.6
19.5
18.8
18.0
19.0

Chubar et al. (2004)

Corncorb

Nitric acid
Citric acid

Cd(II)

19.3
55.2

Leyva-Ramos et al. (2005)

Imperata cylindrica leaf powder
Alfalfa biomass
Azolla ﬁliculoides
(aquatic fern)

Sodium hydroxide
Sodium hydroxide
Hydrogen peroxide–Magnesium
chloride

Pb(II)
Pb(II)
Pb(II)
Cd(II)
Cu(II)
Zn(II)

13.50
89.2
228
86
62
48

Hanaﬁah et al. (2006a)
Tiemann et al. (2002)
Ganji et al. (2005)

Carrot residues

Hydrochloric acid

Cr(III)
Cu(II)
Zn(II)

45.09
32.74
29.61

Nasernejad et al. (2005)

Sugarcane bagasse

Sodium bicarbonate

Cu(II)
Pb(II)
Cd(II)
Cu(II)
Pb(II)
Cd(II)
Cu(II)
Pb(II)
Cd(II)

Ethylenediamine

Triethylenetetramine

114
196
189
139
164
189
133
313
313

Junior et al. (2006)

Sugarbeet pulp

Hydrochloric acid

Cu(II)
Zn(II)

0.15
0.18

Pehlivan et al. (2006)

Bagasse ﬂy ash

Hydrogen peroxide

Pb(II)
Cr(III)

2.50
4.35

Gupta and Ali (2004)

Nipah palm shoot biomass

Mercaptoacetic acid

Pb(II)
Cu(II)

52.86
66.71

Wankasi et al. (2006)

Groundnut shells

Reactive Orange 13

Cu(II)
Ni(II)
Zn(II)

7.60
7.49
9.57

Terminalia arjuna nuts
Coirpith

ZnCl2
ZnCl2

Cr(VI)
Cr(VI)
Ni(II)
Hg(II)
Cd(II)
Hg(II)
Cu(II)
Hg(II)
Pb(II)
Cd(II)
Ni(II)
Cu(II)
Ni(II)

28.43
NA

Mohanty et al. (2005)
Namasivayam and Sangeetha (2006)

154
39.7
NA

Kula et al. (2007)
Namasivayam and Kadirvelu (1999)
Namasivayam and Kadirvelu (1997)
Kadirvelu et al. (2001a)

Sulfuric acid and ammonium
persulphate

62.5

Shukla and Pai (2005b)

Kadirvelu et al. (2001b)

NA – not available.

Cd(II), Pb(II) and Hg(II) ions were able to be removed by
the two types of treated adsorbents, while Cr(VI) recorded
the lowest percentage removal (<40%).
2.2. Spent grain
Spent grain obtained from brewery can be used to treat
Pb(II) and Cd(II) ions as demonstrated by Low et al., 2000.

Treatment of spent grain with NaOH greatly enhanced
adsorption of Cd(II) and Pb(II) ions, whereas HCl treated
spent grain showed lower adsorption than the untreated
spent grain. The increase in adsorption of heavy metal ions
after base treatment could be explained by the increase in
the amount of galactouronic acid groups after hydrolysis
of O-methyl ester groups. The best pH range for metal
adsorption was 4–6. Kinetic study reveals that the equilib-
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rium time of adsorption was 120 min for both metal ions
and adsorption followed pseudo-second-order model. The
maximum adsorption capacity for lead was two times
higher than cadmium. The eﬀect of organic ligands
(EDTA, nitrilotriacetic acid and salicylic acid) on adsorption eﬃciency was assessed and adsorption was greatly
reduced by EDTA and nitrilotriacetic acid at molar ratio
of 1:1 (metal:ligand). EDTA and nitrilotriacetic acid could
chelate the heavy metal ions, therefore more metal ions
would remain in the solutions rather than being adsorbed
(Jeon and Park, 2005). Salicylic acid on the other hand
slightly reduced the percentage of cadmium adsorption
but did not aﬀect adsorption of lead.
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was found that hydrogen peroxide treated bagasse ﬂy ash
was able to remove chromium in a shorter period of time
(60 min) compared to lead (80 min). The isotherm study
also revealed maximum adsorption capacity for chromium
was higher than lead. However, the recorded values of
maximum adsorption capacities for both metals were low
(2.50 and 4.35 mg g1 for Pb and Cr, respectively). The
detail mechanism of adsorption by the treated bagasse ﬂy
ash was not discussed, but it was thought that adsorption
was controlled by ﬁlm diﬀusion at lower metal concentration and particle diﬀusion at higher concentration of metal
ions.
2.4. Sawdust

2.3. Sugarcane bagasse/ﬂy ash
Junior et al. (2006) reported the use of succinic anhydride modiﬁed sugarcane bagasse for treatment of Cu,
Cd and Pb from aqueous solutions. Sugarcane bagasse
consists of cellulose (50%), polyoses (27%) and lignin
(23%). The presence of these three biological polymers
causes sugarcane bagasse rich in hydroxyl and phenolic
groups and these groups can be modiﬁed chemically to produce adsorbent materials with new properties. The authors
reported that the hydroxyl groups in sugarcane bagasse
could be converted to carboxylic groups by using succinic
anhydride. The carboxylic groups were later reacted with
three diﬀerent chemicals mainly NaHCO3, ethylenediamine
and triethylenetetramine to produce new properties of
adsorbent materials which showed diﬀerent adsorption
capacities for metal ions. It was found that sugarcane
bagasse treated with ethylenediamine and triethylenetetramine shows a remarkable increase in nitrogen content compared to untreated sample, and triethylenetetramine
modiﬁed sugarcane bagasse has a higher increasing extent.
The presence of amide group was also detected in ethylenediamine and triethylenetetramine modiﬁed sugarcane bagasses as a result of the reaction between –COOH and –
NH2 groups. Kinetic studies showed that equilibrium time
for adsorption of Cu, Cd and Pb onto tethylenediamine
and triethylenetetramine modiﬁed sugarcane bagasses were
slower than that for adsorbent modiﬁed with NaHCO3.
Triethylenetetramine modiﬁed sugarcane bagasse was the
best adsorbent material for removal of Cd and Pb since
the adsorption capacities for both metals are two times
higher than unmodiﬁed sugarcane bagasse. This was probably caused by the higher number of nucleophilic sites
introduced in triethylenetetramine modiﬁed sugarcane
bagasse. When sugarcane bagasse was modiﬁed with methanol, however, the resulting adsorbent did not show a good
uptake of cadmium as the maximum adsorption capacity
was 6.79 mg g1 (Ibrahim et al., 2006).
The performance of hydrogen peroxide treated bagasse
ﬂy ash, a solid waste of sugar industry for removal of lead
and chromium was explored by Gupta and Ali (2004).
Hydrogen peroxide is a good oxidizing agent and used to
remove the adhering organic matter on the adsorbent. It

Sawdust, obtained from wood industry is an abundant
by-product which is easily available in the countryside at
negligible price. It contains various organic compounds
(lignin, cellulose and hemicellulose) with polyphenolic
groups that could bind heavy metal ions through diﬀerent
mechanisms. An experiment on the eﬃciency of sawdust in
the removal of Cu2+ and Zn2+ ions was conducted by Šćiban et al. (2006a). Two kinds of sawdust, poplar and ﬁr
wood were treated with NaOH (ﬁbre-swelling agent) and
Na2CO3 solutions and the adsorption capacities were compared with the untreated sawdusts. For unmodiﬁed sawdust, both types of woods showed higher uptakes of
Cu2+ ions than Zn2+ ions, and adsorption followed Langmuir isotherm model. Equivalent amounts of adsorption
capacities were recorded by both types of sawdust for
Zn2+ and Cu2+ ions, although these two adsorbents have
diﬀerent anatomical structure and chemical composition.
After treating with NaOH, a marked increase in adsorption
capacity was observed for both heavy metal ions, especially
for Zn2+ ions (2.5 times for Cu2+ and 15 times for Zn2+).
The adsorption capacities shown by Langmuir model were
6.92 mg g1 (poplar sawdust) and 12.70 mg g1 (ﬁr sawdust) for Cu2+, and 15.83 mg g1 (poplar sawdust) and
13.41 mg g1 for Zn2+ (ﬁr sawdust), respectively. In
another experiment, Šćiban et al. (2006b) found that the
leaching of coloured organic matters during the adsorption
can be eliminated by pretreatments with formaldehyde in
acidic medium, with sodium hydroxide solution after formaldehyde treatment, or with sodium hydroxide only.
According to Šćiban et al. (2006a), NaOH improved the
adsorption process by causing the liberation of new
adsorption sites on the sawdust surface. An increase in
the concentration of NaOH for modiﬁcation purpose however did not cause a signiﬁcant increase of the adsorption
capacity. The authors suggest that no greater than 1% of
concentration of NaOH solution should be used for modiﬁcation. The temperature of modiﬁcation was also not a
signiﬁcant factor for the main increase of adsorption
capacities of modiﬁed sawdusts. It was observed that only
a slight increase in Cu2+ and Zn2+ adsorption occurred
when the ﬁr sawdust was treated with NaOH at higher temperature (80 °C). The study on adsorption capacity by

3940

W.S. Wan Ngah, M.A.K.M. Hanaﬁah / Bioresource Technology 99 (2008) 3935–3948

treatment with Na2CO3 revealed the modiﬁed sawdusts
had two times higher adsorption for Cu2+ ions and six
times higher for Zn2+ ions compared to unmodiﬁed sawdusts. The application of Na2CO3 for chemical modiﬁcation is less eﬃcient than the use of NaOH. This is due to
higher number of Na+ ions in 1 g of NaOH compared to
1 g of Na2CO3. In general, three possible reasons for the
increase in adsorption capacities of heavy metal ions were
given by the authors:
(i) Changes on wood surface-increase in surface area,
average pore volume and pore diameter after alkaline
treatment. The surface area and average pore diameter increased about 1.5–2 times after modiﬁcation.
(ii) Improvement in ion-exchange process especially with
Na+ ions.
(iii) Microprecipitation of metal hydroxides–Cu(OH)2
and Zn(OH)2 in the pores of sawdust.
Although the work on adsorption of copper and zinc
ions onto sawdust of poplar tree was reported by Šćiban
et al. (2006a), they did not carry out a detail experiment
on the kinetic of adsorption.
The eﬀect of sulfuric acid treatment on sawdust of poplar tree was studied by Acar and Eren (2006). Sulfuric acid
poplar sawdust possessed good removal of 92.4% Cu2+ at
pH 5, while untreated sawdust could only removed 47%.
The kinetic of copper binding indicated that it is a rapid
process and about 70–80% of copper ions removed from
the solution in 10 min. The percent of copper removal however decreases as the metal concentration increases. The
increase in percent of adsorption with adsorbent dose
could be due to the increase in surface area and availability
of more active sites. The treated poplar sawdust showed
maximum adsorption capacity of 13.945 mg g1 against
5.432 mg g1 for untreated sawdust which followed Langmuir isotherm model. The maximum adsorption capacity
for sulfuric acid treated poplar sawdust is higher than to
the value recorded by NaOH treated poplar sawdust
reported by Šćiban et al. (2006a). Concentrated sulfuric
acid was also used to modify coconut tree sawdust for
removing mercury and nickel (Kadirvelu et al., 2003). It
was reported that 100% removal of mercury was achieved
compared to 81% for nickel and adsorption occurred in
1 h.
Rehman et al. (2006) reported the removal of Ni2+ ions
by using sodium hydroxide treated sawdust of Dalbergia
sissoo, a byproduct of sawmills. The treatment of sawdust
with NaOH results in the conversion of methyl esters which
are the major constituents in cellulose, hemicellulose and
lignin to carboxylate ligands. The adsorption time study
revealed that nickel ions were removed fast in the ﬁrst
20 min due to extra-cellular binding. The maximum adsorption capacity of Ni2+ ions was found to be 10.47 mg g1 at
50 °C. Adsorption was more favourable at higher temperature and adsorption followed both Langmuir and Freundlich isotherm models.

A comparative study on the adsorption eﬃciency of
untreated and NaOH treated sawdust of cedrus deodar
wood was conducted by Memon et al. (2007). They
reported that cedrus deodar sawdust mainly consists of
acid detergent ﬁbre (cellulose and lignin), hydroxyl groups
(tannins) and phenolic compounds. The acidimetric–alkalimetric titration study revealed that sawdust has four major
groups responsible for cadmium binding which were carboxylic, phosphoric, amines and phenolic. Cadmium
removal was more favoured by NaOH treated sawdust as
the value of adsorption capacity was four times greater
than untreated sawdust. Maximum removal of cadmium
occurred at pH above 4 for both types of adsorbents. When
the pH of the solution is greater than 4, carboxylic groups
will be deprotonated and the adsorbent surface will be negatively charged resulting in higher adsorption of cadmium.
However; at pH less than 3, carboxylic groups become protonated and adsorption sites are unable to attract Cd2+
ions. NaOH treated sawdust also shows good settling property, making it easy to ﬁlter or separate the adsorbent from
the solution. Ion-exchange was considered as the predominant mechanism of cadmium adsorption as the values of
adsorption energy (E) determined from Dubinin–Radushkevic plots are in the range of 9–16 kJ mol1. Maximum
adsorption capacity recorded at temperature of 20 °C was
73.62 mg g1.
A detail analysis on the ideal concentration of NaOH
for modifying juniper ﬁbre for adsorption of cadmium ions
was carried out by Min et al. (2004). Sodium hydroxide
treatment of lignocellulosic materials can cause swelling
which leads to an increase in internal surface area, a
decrease in the degree of polymerization, a decrease in crystallinity, separation of structural linkages between lignin
and carbohydrates and disruption of the lignin structure.
Sodium hydroxide is a good reagent for saponiﬁcation or
the conversion of an ester group to carboxylate and alcohol, as shown in the equation below:
OH

RCOOR0 þ H2 O ! RCOO þ R0 OH

ð1Þ

Based on the FTIR analysis, it was found that as the concentration of NaOH increases (from 0 to 1.0 M), the
amount of carboxylate was also increased. A maximum
concentration of 0.5 M of NaOH was suitable to carry
out saponiﬁcation process. After base treatment, the maximum adsorption capacity of cadmium increased by about
three times (from 9.18 to 29.54 mg g1) compared to untreated juniper ﬁbre despite a decrease in speciﬁc surface
area for the treated adsorbent. Data obtained from pseudo-second-order kinetic study also revealed that base treated juniper ﬁbre had higher values of adsorption capacity,
qe (mg g1) and initial adsorption rate constant, h
(mg g1 min1) when compared to untreated adsorbent.
Hexavalent chromium adsorption by formaldehyde
treated sawdust was studied by Baral et al., 2006. Formaldehyde is a common compound used to immobilize colour
and water soluble compounds from sawdust (Garg et al.,
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2004). The adsorption capacity of Cr(VI) determined from
Langmuir isotherm was low (3.60 mg g1) and equilibrium
adsorption time took about 5 h. Adsorption process was
strongly aﬀected by several physico-chemical parameters
such as pH, adsorbent dose, temperature and initial concentration of chromium solution. Maximum adsorption
occurred at pH range 3–6 and reduced signiﬁcantly beyond
pH 6. The percentage adsorption of Cr(VI) increased with
increase in adsorbent dose, but decreased with increase in
metal concentration and temperature. Adsorption rate
tends to increase with increase in adsorbent dose due to
higher number of available adsorption sites. As concentration of Cr(VI) increases with ﬁxed amount of adsorbent
dose, more Cr(VI) ions will remain in the aqueous phase,
thus percentage adsorption will be small. The decrease in
adsorption rate with increase in temperature indicates exothermic nature of adsorption, in which adsorption is more
favourable at lower temperatures.
According to Taty-Costodes et al. (2003), treatment
with formaldehyde induces a stabilization of the hydrosoluble compounds of adsorbent by creating covalent bonds
on the constitutive units. This could eliminate the problem
associated with the release of polyphenolic compounds
which could cause an increase in COD in wastewater. A
research on the adsorption of Pb(II) and Cd(II) onto formaldehyde treated sawdust of Pinus sylvestris shows that the
two metal ions were successfully removed in less than
20 min at low concentrations (<10 mg l1). It was reported
that metal ions could form complexes with the oxygen
atom on carbonyl and hydroxyl groups (acting as a Lewis
base). The maximum adsorption capacities of Pb(II) and
Cd(II) were 9.78 and 9.29 mg g1, respectively. Adsorption
kinetic indicates that pseudo-second-order model was better ﬁtted than pseudo-ﬁrst-order and intraparticle diﬀusion
is one of the rate determining steps. Nickel, cadmium and
lead adsorption by walnut sawdust treated with formaldehyde in sulfuric acid was studied and it was found that
adsorption is dependent on contact time, metal concentration and temperature (Bulut and Tez, 2003). Equilibrium
time was established in about 60 min for all heavy metals.
The kinetic study reveals that adsorption followed pseudosecond-order model better than pseudo-ﬁrst-order. The
maximum adsorption capacities were 6.43, 4.51 and
4.48 mg g1 for Ni, Cd and Pb, respectively. Based on temperature study, adsorption was favaourable at higher temperatures as the values of DG° become more negative.
Chubar et al. (2004) studied the performance of various
kinds of chemically treated cork powder obtained from
cork oak tree for the removal of Cu, Zn and Ni. Treatment
of cork powder with salts such as NaCl and CaCl2 causes
the conversion of active binding sites from the H+ form
to Na+ and Ca2+ form. The salt modiﬁed cork powder
shows greater adsorption capacity than the unmodiﬁed
cork especially at higher heavy metal concentrations. It
was also noted that the Na+ form cork recorded a higher
adsorption capacity value than the Ca2+ form. This observation can be explained in terms of the diﬀerent charge of

3941

cations whereby the interaction of cork powder binding
sites with divalent calcium ions is stronger than the monovalent sodium ions. Hence, the biosorption reaction of copper will be hindered. Treatment of cork powder with an
alkaline solution (NaOH) at high temperature increased
the sorption capacity toward heavy metals by about 33%.
A high concentration of NaOH however causes a decrease
in copper removal due to the destruction of the biomass.
Besides NaCl, CaCl2 and NaOH, modiﬁcation of cork
powder could be carried out using commercial laundry
detergent and the amount of copper removed was found
to increase, probably due to the exposure of new binding
sites. The use of NaClO and NaIO3 will increase the number of active binding sites by oxidation of the some of functional groups of cork to carboxylic groups, hence more
copper ions could be sorbed. An increase of 70–80% in
cork capacity for copper was achieved after treating cork
powder with NaClO containing 7% of active chlorine.
2.5. Wheat bran
Wheat bran, a by-product of wheat milling industries
proved to be a good adsorbent for removal of many types
of heavy metal ions such as Pb(II), Cu(II) and Cd(II). The
application of a strong dehydrating agent like sulfuric acid
(H2SO4) can have a signiﬁcant eﬀect on the surface area of
the adsorbent, which eventually results in better eﬃciency
of adsorption of copper ions as reported by Özer et al.
(2004). It was found that upon treatment with sulfuric acid,
wheat bran had a much higher surface area. The authors
suggested that acid treatment caused changes in surface
area by increasing the conversion of macropores to micropores. Maximum adsorption capacity for Cu(II) ions was
reported as 51.5 mg g1 (at pH 5) and equilibrium time
of adsorption was achieved in 30 min. Özer and Pirinççi
(2006) conducted a study on the removal of lead ions by
sulfuric acid treated wheat bran. It was reported that maximum lead removal (82.8%) occurred at pH 6 after 2 h of
contact time. Three isotherm models were analyzed for
determining the maximum adsorption capacity of wheat
bran particularly Langmuir, Freundlich and Redlich-Peterson. Based on the non-linear plots, it was found that
adsorption ﬁtted well to the Redlich-Peterson than Langmuir and Freundlich models. The Langmuir plots indicate
that maximum adsorption capacities increased with an
increase in temperature (79.37 mg g1 at 60 °C and
55.56 mg g1 at 25 °C). The decrease in the values of DG°
suggests that adsorption was more favourable at higher
temperatures and adsorption was endothermic in nature.
The kinetic study showed that lead adsorption could be
described well with nth-order kinetic model. Özer (2006)
also examined the sulfuric acid treated wheat bran for cadmium ion removal from aqueous solution. After 4 h of contact time, the maximum adsorption capacity that could be
achieved for cadmium was 101 mg g1 at pH 5. Therefore,
in general the order of maximum removal of the above
three metals follows: Cd(II) > Pb(II) > Cu(II).
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2.6. Corncobs
Besides carbonization at high temperature, an adsorbent
can be activated by chemical treatment using a concentrated acid. This method was demonstrated by Khan and
Wahab (2006) in the study of adsorption of copper by concentrated sulfuric acid treated corncobs. It was reported
that upon treatment of corncobs with sulfuric acid and
heated at 150 °C, the pHzpc of the adsorbent reduced from
5.2 (untreated) to 2.7 (treated), and the functional groups
present in the adsorbent are mainly oxygen containing
groups such as –OH, –COOH and –COO. The maximum
adsorption capacity obtained from Langmuir isotherm was
31.45 mg g1. Adsorption was more favoured at higher pH
value (4.5) due to low competing eﬀect of protons for the
adsorption sites. Eﬀect of interfering ions such as Zn(II),
Pb(II) and Ca(II) was also studied. It was noticed that copper removal eﬃciency was reduced by 53%, 27% and 19%
in the presence of Pb(II), Ca(II) and Zn(II), respectively.
Regeneration study indicates that sulfuric acid treated
corncobs can be regenerated by acidiﬁed hydrogen peroxide solution and as much as 90% copper could be
recovered.
The study on oxidation of corncob by citric acid and
nitric acid was carried out by Leyva-Ramos et al. (2005).
Upon oxidation of corncob, a signiﬁcant increase in the
surface area of the adsorbent was observed. An increase
in the amount of oxygen found in corncob was due to more
oxygenated groups being introduced on the adsorbent surface after oxidation. After oxidation, a higher proportion
of acidic sites (carboxylic, phenolic and lactonic) was
detected, which results in a reduction in the pHZPC value.
It was also reported that the adsorption capacities for citric
acid and nitric acid oxidized corncob were much higher
than unmodiﬁed corncob.
2.7. Weeds
The study on eﬀectiveness of lead adsorption by sodium
hydroxide treated lalang (one of the ten worst weed of the
world) or Imperata cylindrica leaf powder was carried out
by Hanaﬁah et al. (2006a). Maximum adsorption of lead
occurred at pH range 4–5 and an adsorbent dose of
4 g l1. Temperature study indicates that chemisorption
was the main rate limiting step and pseudo-second-order
kinetic model was ﬁtted well. The value of maximum
adsorption capacity obtained by NaOH treated Imperata
cylindrica (13.50 mg g1) is much higher than untreated
adsorbent (5.89 mg g1) (Hanaﬁah et al., 2007). A faster
equilibrium time (20 min) was observed for treated Imperata cylindrica compared to untreated (120 min). The eﬀect
of metal concentration and thermodynamics on the sorption of Pb(II) and Cd(II) ions by nitric acid treated wild
cocoyam (Caladium bicolor) biomass was investigated by
Horsfall and Spiﬀ (2005). The biomass was ﬁrst reacted
with nitric acid before washed with distilled water, then
suspended in hydroxylamine to remove all O-acetyl groups.

It was noticed that the amount of Pb(II) sorbed was higher
than Cd(II) ions. The smaller ionic radii of Cd(II) (0.97 Å)
compared to Pb(II) (1.20 Å) means greater tendency of
Cd(II) to be hydrolyzed, leading to reduced sorption. Sorption capacity increased with increasing metal concentrations for both cations. The maximum sorption capacities
were 49.53 and 48.20 mM g1 for Pb(II) and Cd(II),
respectively. Freundlich and Langmuir models were found
to be ﬁtted well. The sorption was reported to occur by ionexchange mechanism involving hydroxyl groups as represented by the following equation:
M2þ þ 2BOH $ MðBOÞ2 þ 2Hþ

ð2Þ

Spontaneous sorption of Pb(II) and Cd(II) was noticed as
the negative values of DG° were obtained in all concentrations studied.
2.8. Fruit/vegetable wastes
Adsorption of divalent heavy metal ions particularly
Cu2+, Zn2+, Co2+, Ni2+ and Pb2+ onto acid and alkali treated banana and orange peels was performed by Annadurai
et al. (2002). The acid and alkali solutions used for modiﬁcation of adsorbents were HNO3 and NaOH. In general,
the adsorption capacity decreases in the order of
Pb2+ > Ni2+ > Zn2+ > Cu2+ > Co2+ for both adsorbents.
Banana peel exhibits higher maximum adsorption capacity
for heavy metals compared to orange peel. The reported
maximum adsorption capacities were 7.97 (Pb2+), 6.88
(Ni2+), 5.80 (Zn2+), 4.75 (Cu2+) and 2.55 mg g1 (Co2+)
using banana peel; and were 7.75 (Pb2+), 6.01 (Ni2+),
5.25 (Zn2+), 3.65 (Cu2+) and 1.82 mg g1 (Co2+) using
orange peel. Acid treated peels showed better adsorption
capacities followed by alkali and water treated peels. Based
on regeneration studies, it was reported that the peels could
be used for two regenerations for removal and recovery of
heavy metal ions.
Besides NaOH, Ca(OH)2 is another good saponifying
agent for the conversion of ester groups to carboxyl groups
as demonstrated by Dhakal et al. (2005). In the study,
orange waste (consists of cellulose, hemicellulose, pectin,
limonene and other low molecular weight compounds)
was treated with Ca(OH)2 to form saponiﬁed gel (SOW).
Two forms of saponiﬁed gels were prepared (Ca2+-form
and H+-form) and their removal eﬃciency for six heavy
metal ions particularly Fe(III), Pb(II), Cu(II), Zn(II),
Cd(II) and Mn(II) were compared. The authors suggested
that cation exchange was the main mechanism for the
removal of heavy metal ions as the pH of solutions
decreased after adsorption. The order of removal for
Ca2+-form SOW gel was Pb(II) > Fe(III) > Cu(II) > Cd(II) > Zn(II) > Mn(II). In the case of H+-form SOW gel,
the order of removal was Pb(II) > Fe(III) > Cu(II) >
Zn(II) > Cd(II) > Mn(II). As the pH of solutions increases,
the percent removal of heavy metal ions also increased
except Fe(III). The percent removal of Fe(III) greatly
reduced beyond pH 3 due to formation of soluble iron
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complexes such as Fe(OH)+, FeðOHÞþ
and
2 , FeðOHÞ2

FeðOHÞ4 . The authors also suggested that ion-exchange
mechanism involves oxygen atom in the pyranose ring of
pectin acids cooperating with carboxylic group to form a
stable ﬁve-membered chelate ring. This study indicates that
both types of SOW gels are eﬀective for removing heavy
metal ions in acidic solution.
Chemical modiﬁcation of cornelian cherry, apricot stone
and almond shell by using concentrated sulfuric acid for
the removal of Cr(VI) has been studied (Demirbas et al.,
2004). All the three types of fruit wastes showed highest
removal of Cr(VI) at pH 1. It was also reported that
adsorption was highly dependent on the initial metal concentration as the lowest concentration recorded fastest
removal rate (shortest equilibrium time). The equilibrium
time for cornelian cherry was 20 h at 53 mg l1 Cr(VI) concentration, increased to 70 h as the concentration increased
to 203 mg l1. The removal rate increased with a decrease
in adsorbent size, which indicates that smaller particle size
has larger surface area. Four diﬀerent kinetic models particularly pseudo-ﬁrst-order, pseudo-second-order, Elovich
and intraparticle diﬀusion were evaluated and results
showed that pseudo-second-order model correlated well
with the experimental data. Recently, Kula et al. (2007)
reported the application of ZnCl2 (a dehydrating agent)
in the activation of olive stone for removal of Cd(II) ions.
It was reported that treated olive stone shows a remarkable
increase in surface area compared to untreated olive stone.
However, the activated olive stone did not show good
adsorption capacity for Cd(II) as the reported maximum
adsorption capacity was only 1.85 mg g1.
Li et al. (2006b) investigated orange peels as an adsorbent for cadmium adsorption and the eﬀect of diﬀerent citric acid concentrations on the adsorbent characters was
studied. Upon treatment with more concentrated citric acid
solutions, orange peels showed lower values of pH of zero
point charge (pHzpc) due to the increase number of total
acidic sites while the total number of basic sites decreased.
The increase in citric acid concentration results in more
oxygenated groups being introduced to the adsorbent surface. Orange peels washed with 0.6 M citric acid at 80 °C
has a much lower pHZPC value indicating that the adsorbent surface becomes more negative due to dissociation
of weakly acidic oxygen-containing groups. Chemical
treatment with citric acid at high temperature produced
condensation product and citric acid anhydride. The reactive citric acid anhydride can react with cellulosic hydroxyl
groups to form an ester linkage and introduce carboxyl
groups to the cellulose (Marshall et al., 1999). The presence
of more carboxyl groups will increase more cadmium ions
to bind on the adsorbent surface. It was also reported that
cadmium adsorption occurred via ion-exchange mechanism as the pH of the solution decreases after adsorption,
which indicates the presence of more protons in the eﬄuents. Desorption experiment revealed that Cd(II) ions
could be removed when the concentration of hydrochloric
acid was increased and maximum percentage recovery of
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cadmium was 94% with 0.15 M HCl solution. The reported
value of maximum adsorption capacity was 101.16 mg g1.
The untreated orange waste however could only adsorb
0.43 mmol g1 or 48.33 mg g1 Cd (Pérez-Marı́n et al.,
2007). Previously, Wartelle and Marshall (2000) reported
an interesting ﬁnding in which a linear relationship
between total negative charge and amount of copper ions
adsorbed was observed for 12 types of agricultural byproducts (sugarcane bagasse, peanut shells, macadamia
nut hulls, rice hulls, cottonseed hulls, corn cob, soybean
hulls, almond shells, almond hulls, pecan shells, English
walnut shells and black walnut shells) after modiﬁcation
with citric acid. It was found that after washing with base
(NaOH) and modiﬁed with citric acid, the total negative
charge of all 12 types of agricultural by-products increased
signiﬁcantly. Among the 12 adsorbents, soybean hulls (a
low density material) showed the highest copper uptake
and had a high total negative charge value, which can be
explained by the increase in carboxyl groups after thermochemical reaction with citric acid. On the other hand, nutshells (high density materials) such as English walnut shells
and black walnut shells displayed low total negative charge
values indicating low number of carboxyl groups. Due to
the high bulk density, the lignin in nutshells may block
or allowed little penetration of citric acid to reactive sites,
hence lower copper ion uptake was observed. Wafwoyo
et al. (1999) also reported that citric acid treated peanut
shells showed higher removal of Cu, Cd, Ni, Zn and Pb
ions compared to untreated shells. The metal uptake gets
even larger when the shells were treated ﬁrst with NaOH
followed by citric acid. Treatment with NaOH will deesterify and removes tannins, leaving more active binding
sites available for metal adsorption.
Heavy metals such as Cr(III), Cu(II) and Zn(II) were
able to be removed from wastewater using HCl treated carrot residues. Acid treatment was performed in order to
remove tannins, resins, reducing sugars and coloured materials. According to Nasernejad et al. (2005), adsorption of
metal ions onto carrot residues was possible due to the
presence of carboxylic and phenolic groups which have cation exchange properties. Based on kinetic study, more than
70% metal ions were removed in the ﬁrst 10 min and equilibrium was achieved in 70 min. More metals were
adsorbed at higher pH values of the solutions (pH 4 for
Cr(III) and pH 5 for Cu(II) and Zn(II)). Maximum adsorption capacities were 45.09, 32.74 and 29.61 mg g1 for
Cr(III), Cu(II) and Zn(II), respectively.
2.9. Cassava waste
Chemically modiﬁed adsorbent could also be prepared
by thiolation (a process of introducing –SH group)
method. Abia et al. (2003) carried out an experiment of
determining the optimal concentration of thioglycollic acid
(HSCH2COOH) for the removal of Cd(II), Cu(II) and
Zn(II) ions by cassava waste. Cassava waste consists of
ligands such as hydroxyl, sulfur, cyano and amino which
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could bind heavy metal ions. It was noticed that adsorptivity of the cassava waste was greatly improved as the concentration of modifying agent (thioglycollic acid) was
increased from 0.5 to 1.0 M due to the increase in sulfhydryl groups, –SH. Adsorption was reported to take place
on the cell wall of the biomass. Optimum adsorptions of
all three heavy metals were achieved in less than 30 min.
The order of maximum adsorption capacity among the
three heavy metal ions after treating cassava waste with
1.0 M thioglycollic acid follows: Zn(II) > Cu(II) > Cd(II).
The authors however did not conduct a detail experiment
on the kinetic model of adsorption.
Eﬀect of concentration of modifying agent on the
adsorption of Cd(II) and Zn(II) ions onto thioglycollic acid
treated cassava waste was investigated by Horsfall and
Abia (2003). Cassava waste treated with 1.0 M thioglycollic
acid showed highest removal of Cd(II) and Zn(II) ions
compared to 0.5 M and untreated adsorbent but the time
to reach equilibrium remained similar for treated and
untreated adsorbent. It was observed that treated cassava
waste had a much higher adsorption capacity for Cd(II)
and Zn(II) ions compared to untreated sample. The
adsorption capacities were reported as 86.68 mg g1 Cd,
55.82 mg g1 Zn and 647.48 mg g1, 559.74 mg g1 for
untreated and treated cassava waste, respectively. The
increase in adsorption capacity of Cd and Zn after acid
treatment could be associated with the formation of microporosity, which leads to enhanced thiol (–SH) groups on
the adsorbent surface. The relative ease of exchanging
hydrogen atoms of the thiol groups with heavy metal ions
results in improved level of adsorption. Desorption studies
revealed that untreated cassava waste showed better recovery of Cd(II) and Zn(II). The authors suggest that the low
recovery of heavy metal ions by acid treated cassava waste
was due to enhancement in binding sites after acid treatment, which enables the metal ions to bind strongly to
the adsorbent surface. Abia et al. (2006) explored diﬀerent
kinetic models to account for the transport of Cd(II) from
aqueous solution on to the surface of 0.5 and 1.0 M
thiolated cassava wastes. Six kinetic models were tested
mainly pseudo-ﬁrst-order, pseudo-second-order, intraparticle diﬀusion, Elovich, mass transfer and intraparticle
diﬀusivity models. Results indicate that adsorption followed pseudo-second-order better than the other kinetic
models.
2.10. Plant ﬁbres
Two types of chemical modiﬁcations on jute ﬁbres and
their eﬀectiveness in the removal of Cu(II), Zn(II) and
Ni(II) ions were reported by Shukla and Pai (2005a). The
ﬁrst modiﬁcation involved a monochloro triazine type
reactive dye, Reactive Orange 13, which was covalently
loaded to the cellulosic matrix of jute ﬁbres. Another modiﬁcation involved oxidation of hydroxyl groups of cellulose
present in jute ﬁbres to carboxyl group (a weak cationic
ion-exchanger) by using hydrogen peroxide. In the case

of dye loaded jute ﬁbres, the dye contains an azo linkage
and hydroxyl groups (–OH), a situation favourable for formation of six membered ring chelate with metal ions. The
presence of sodium sulphonate groups of the dye molecules
attached covalently to the adsorbent also enhanced the
metal adsorption capacity. The mechanism of ion-exchange
between Na+ of the dyed material and the heavy metal ions
can be represented by the following equation:
RðSO3 NaÞ2 þ M2þ ! RðSO3 ÞM þ 2Naþ

ð3Þ

For oxidized jute, the high uptake of heavy metal ions was
due to the generation of carboxyl groups (–COOH). The
authors reported that oxidation process of jute ﬁbres was
carried out under alkaline condition, therefore the carboxyl
groups are in the form of carboxylate. The adsorption of
heavy metal ions could also take place by ion-exchange
mechanism as shown below:
2RCOONa þ M2þ ! ðRCOOÞ2 M þ 2Naþ

ð4Þ

Based on the Langmuir plots, maximum adsorption capacity for Cu(II) ion was achieved by dye loaded jute, followed
by oxidized jute and unmodiﬁed jute. However, for Ni(II)
and Zn(II) ions, maximum adsorption capacities were recorded by oxidized jute and the lowest was by unmodiﬁed
jute.
Chemical modiﬁcation of cellulose ﬁbre to improve its
removal performance and adsorption capacity for Cu(II),
Ni(II) and Zn(II) ions using ethylenediamine was conducted by Torres et al. (2006). Cellulose consists of active
hydroxyl groups present on each monomeric unit of cellulose, therefore cellulose can react with carboxyl and amine
groups of organic compounds. Based on the isotherm
study, it was found that ethylenediamine modiﬁed cellulose
ﬁbre adsorbed Zn(II) more eﬃciently than Ni(II) and
Cu(II) ions. The reported values of maximum adsorption
capacities were 104.1, 308.2 and 69.3 mg g1 for Cu, Ni
and Zn, respectively. The modiﬁed adsorbent was also
capable to adsorb metals 100 times more than unmodiﬁed
cellulose (Okieimen et al., 2005). Adsorption of heavy
metal ions occurred through complexation mechanism in
which the amine (–NH2) groups of ethylenediamine take
part in the chelation process.
It is well known that adsorption of heavy metals by
cellulosic wastes depends on the contact time and temperature. Ho and Ofamaja (2006) found that initial concentration of Cu(II) has great eﬀect on the equilibrium time for
copper adsorption onto HCl treated palm kernel ﬁbre.
The time to reach equilibrium was only 15 min for
50 mg l1 copper, but increased to 60 min for 200 mg l1.
The study reveals that copper adsorption increases with
the increase of temperature which indicates that the mobility of Cu(II) ions increases with a rise in temperature. The
value of activation energy of 22 kJ mol1 suggests that
chemisorption was an important process in the adsorption
of copper onto HCl treated palm kernel ﬁbre. Adsorption
follows pseudo-second-order kinetic model at all copper
concentrations studied.
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2.11. Tree barks
Three diﬀerent kinds of tree barks mainly sal (Shorea
robusta), mango (Mangifera indica) and jackfruit (Artocarpus integri ﬂoria) were modiﬁed using hydrochloric acid
solution in order to remove copper from aqueous solutions
(Reddy et al., 1997). Treated barks were able to chelate
more copper ions than untreated ones. Extraction of soluble organic compounds which coloured the decontaminated solutions was also avoided after pretreatment
process. The highest adsorption capacity of copper ions
was shown by sal bark (51.4 mg g1), followed by mango
(42.6 mg g1) and jackfruit (17.4 mg g1). Binding of copper to the bark occurred through cation exchange mechanism as the pH of the eﬄuent decreased after copper
adsorption. It was reported that hydroxyl and carboxyl
groups were involved in the adsorption process and the
results indicate that chelation of 1 mol of copper generates
about 1.6–1.8 mols of hydronium ions. Regeneration of
adsorbent was more successful using higher concentration
of HCl solution.
2.12. Azolla (water fern)
Azolla, a small aquatic fern is commonly used as fertilizer in botanical gardens and as green manure in rice ﬁelds.
Binding or ion-exchange of heavy metal ions is possible due
to the presence of charged groups such as carboxyl and
phosphate in the Azolla matrix (Ganji et al., 2005). The
percentage adsorption values of Pb, Cd, Cu and Zn by
Azolla treated with MgCl2 alone were approximately 33,
29, 40 and 24, respectively. These values however increased
with increasing concentration of MgCl2 due to better ionexchange behaviour between heavy metals and Mg2+ ions
on the cell walls of Azolla. No remarkable eﬀect on the
heavy metal removal was observed when Azolla was treated with H2O2 alone. However, the highest metal removal
was reported by treating Azolla with 2 M MgCl2 in the
presence of 8 mM H2O2. It was thought that upon treatment with H2O2, more hydroxyl groups can be oxidized
to carboxyl groups (Robert and Barbati, 2002), which later
binds with Mg2+ ions. The (RCOO)2Mg can act as a good
ion-exchange group, hence more heavy metal ions could be
exchanged/removed from wastewater. The maximum
adsorption capacities for Pb(II), Cd(II), Cu(II) and Zn(II)
were 228, 86, 62 and 48 mg g1, respectively. Heavy metals
could be desorbed from Azolla using HCl solution and the
order of desorption follows: Zn(II) > Cu(II) > Cd(II) >
Pb(II).
2.13. Alfalfa biomass
Tiemann et al. (2002) investigated the adsorption of lead
ions by alfalfa (Medicago sativa) biomass. The biomass was
modiﬁed with a combination of methanol/concentrated
HCl solution in order to esterify the carboxyl groups. Binding of lead(II) ions on the biomass was not observed after
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esteriﬁcation, but adsorption capacity increased to
43 mg g1 for unmodiﬁed alfalfa and 89.2 mg g1 for
hydrolyzed alfalfa by NaOH. This ﬁndings indicate that
carboxyl groups played a major role for the binding of lead(II) ions from solution by alfalfa biomass. The adsorption
mechanism for Pb(II) on alfalfa biomass was established
using X-ray absorption near edge structure (XANES) spectroscopy and extended X-ray absorption ﬁne structure
(EXAFS) spectroscopy. The EXAFS data demonstrated
that Pb(II) ions formed monodentate complex with oxygen
atoms0 via carboxyl groups and the Pb-O bond distance was
2.60 Å .
2.14. Coirpith carbon
The combined application of concentrated sulfuric acid
and ammonium persulphate for activation of coirpith for
removal of mercury, copper and nickel was carried out
by Namasivayam and Kadirvelu (1999); Namasivayam
and Kadirvelu (1997); Kadirvelu et al. (2001b). The
adsorption equilibrium time for all heavy metal ions studied was less than 60 min and the order of maximum
adsorption capacity follows: Hg(II) > Ni(II) > Cu(II).
Treatment of coirpith with sulfuric acid and ammonium
persulphate introduced more functional groups on the carbon surface and the mechanism of adsorption involves ionexchange between heavy metal ions and Na+/H+ ions as
shown below (Namasivayam and Kadirvelu, 1997):
2Cx OHþ þ M2þ ! ðCx OÞ2 M2þ þ 2Hþ
Cx OHþ
2

þM
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þ
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2þ
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ð6Þ

þ 2Na

þ

þ

þ 2Na

! ðCx SO3 Þ2 M þ 2H

2þ

ð5Þ

þ

þ 2H

2þ

2þ

2Cx SO3 Na þ M

2þ

ð7Þ
ð8Þ

þ

! ðCx SO3 Þ2 M þ 2Na
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þ
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In another study, chemical activation of coirpith could also
be carried out using ZnCl2 for removing Cr(VI), Ni(II) and
Hg(II) from wastewater (Namasivayam and Sangeetha,
2006). Coirpith activated with ZnCl2 was found to have a
much higher surface area compared to the coirpith prepared in the absence of ZnCl2. Hence, more heavy metal
ions were able to be removed from the wastewater.
2.15. Cottonseed hulls and soybean hulls
Marshall and Johns (1996) studied the removal of Zn(II)
ions by treating soybean hulls and cottonseed hulls with
0.1 M NaOH and 0.1 M HCl solutions. The results
obtained from acid and base treatments were compared
with water washed adsorbents. For soybean hulls, a 26%
increase in adsorption capacity was observed after NaOH
treatment compared with water washing. However, the
capacity was greatly reduced (about 78%) after washing

3946

W.S. Wan Ngah, M.A.K.M. Hanaﬁah / Bioresource Technology 99 (2008) 3935–3948

the adsorbent with HCl. For cottonseed hulls, zinc adsorption was also increased by 79% after washing the adsorbent
with NaOH, but reduced by 89% after acid treatment. The
authors reported that both adsorbents contain pectin substances consisting primarily of galacturonic acid and Omethyl esters. Upon treatment with NaOH, the O-methyl
esters are converted to methanol and additional galacturonic acid. The adsorbent surfaces will have more negative charge sites or greater number of metal adsorption
sites, hence greater metal adsorption capacity. Acidwashed hulls however will cause the adsorbent surface to
be protonated, causing Zn(II) ions more diﬃcult to be
adsorbed (Kumar and Bandyopadhyay, 2006).
3. Conclusion
This review shows that the study on chemically modiﬁed
plant wastes for heavy metal removal has attracted the
attention of more scientists. A wide range of low-cost
adsorbents obtained from chemically modiﬁed plant wastes
has been studied and most studies were focused on the
removal of heavy metal ions such as Cd, Cu, Pb, Zn, Ni
and Cr(VI) ions. The most common chemicals used for
treatment of plant wastes are acids and bases. Chemically
modiﬁed plant wastes vary greatly in their ability to adsorb
heavy metal ions from solution. Chemical modiﬁcation in
general improved the adsorption capacity of adsorbents
probably due to higher number of active binding sites after
modiﬁcation, better ion-exchange properties and formation
of new functional groups that favours metal uptake.
Although chemically modiﬁed plant wastes can enhance
the adsorption of heavy metal ions, the cost of chemicals
used and methods of modiﬁcation also have to be taken
into consideration in order to produce ‘low-cost’ adsorbents. Since modiﬁcation of adsorbent surface might
change the properties of adsorbent, it is recommended that
for any work on chemically modiﬁed plant wastes, characterization studies involving surface area, pore size, porosity, pHZPC, etc. should be carried out. Spectroscopic
analyses involving Fourier transform infrared (FTIR),
energy dispersive spectroscopy (EDS), X-ray absorption
near edge structure (XANES) spectroscopy and extended
X-ray absorption ﬁne structure (EXAFS) spectroscopy
are also important in order to have a better understanding
on the mechanism of metal adsorption on modiﬁed plant
wastes.
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Pérez-Marı́n, A.B., Meseguer Zapata, V., Ortuño, J.F., Aguilar, M., Sáez,
J., Lloréns, M., 2007. Removal of cadmium from aqueous solutions by
adsorption onto orange waste. J. Hazard. Mater. 139, 122–131.
Quek, S.Y., Wase, D.A.J., Forster, C.F., 1998. The use of sago waste for
the sorption of lead and copper. Water SA 24, 251–256.
Rahman, I.A., Ismail, J., 1993. Preparation and characterization of a
spherical gel from a low-cost material. J. Mater. Chem. 3, 931–934.
Rahman, I.A., Ismail, J., Osman, H., 1997. Eﬀect of nitric acid digestion
on organic materials and silica in rice husk. J. Mater. Chem. 7, 1505–
1509.
Reddy, B.R., Mirghaﬀari, N., Gaballah, I., 1997. Removal and recycling
of copper from aqueous solutions using treated Indian barks. Resour.
Conserv. Recycl. 21, 227–245.
Rehman, H., Shakirullah, M., Ahmad, I., Shah, S., Hamedullah, 2006.
Sorption studies of nickel ions onto sawdust of Dalbergia sissoo. J.
Chin. Chem. Soc. 53, 1045–1052.
Robert, R., Barbati, S., 2002. Intermediates in wet oxidation of cellulose:
identiﬁcation of hydroxyl radical and characterization of hydrogen
peroxide. Water Res. 36, 4821–4829.
Saeed, A., Waheed Akhter, M., Iqbal, M., 2005. Removal and recovery of
heavy metals from aqueous solution using papaya wood as a new
biosorbent. Sep. Purif. Technol. 45, 25–31.
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