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Abstract
Lignocellulosic materials, abundant and renewable materials, are gaining popularity as metal scavenging agents because 
of their high sorption capacities, relatively low cost and environmental-friendliness. However, there is not much research 
to discover how the modification of different lignocellulosic materials can enhance their metal sorption capacities. In 
the present study, corn hulls and rice husks were pyrolyzed at 500 °C to produce biochars and these biochars were then 
activated using KOH and  ZnCl2 as activating agents. Material characterization was done using Field Emission-Scanning 
Electron Microscope (FE-SEM), Brunauer–Emmett–Teller (BET) analysis, and Fourier Transform Infrared (FTIR) analysis. 
Equilibrium concentrations were measured using Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES). 
Results indicated that the modified biosorbents removed  Pb2+ more efficiently and faster than the raw hulls and husk. 
The KOH-treated corn husk biochar (KOH-CHB) achieved a removal capacity of >97 mg/g in the first 15 min compared to 
a sorption capacity of 15 mg/g achieved by raw corn husk (CH). High  Pb2+ removal by activated biochars at a relatively 
shorter contact time was probably attributable to enhanced structures as indicated in the FT-IR, SEM, and BET results. 
The results also indicated that, for all eight biosorbents, the removal of  Pb2+ from water followed a pseudo-second-order 
kinetic model with R2 values >0.94. This model was able to predict the experimental qe values with greater precision than 
the pseudo-first-order kinetic model. Low-cost materials used in the current study have the potential to remove toxic 
 Pb2+ from water and this  Pb2+ removal can be attained at a relatively low cost.

Keywords Agro-industrial wastes · Metal sorption capacities · Biosorption kinetics · Pseudo-first-order kinetic model · 
Tanzanian lignocellulosic materials

1 Introduction

Toxic metal and metalloid ions in the environment are a 
global challenge to environmental engineers, environ-
mental scientists, water treatment specialists, biologists, 
life scientists and even soil scientists. Because of their 

toxicity, non-biodegradability, and persistence, these ions 
require strict special monitoring and control measures. The 
following are some of the negative human and/or ecologi-
cal health effects of several metal or metalloid ions:  Pb2+ 
is known as neurotoxin especially in underage children; 
 Ni2+,  Be2+,  As3+,  Cd2+, and  Cr6+ are known as carcinogens; 
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whereas elevated levels of Cu in soils are known to have 
health risk to animals, plants, and humans [1–3]. In most 
developing countries, such as Tanzania, the aspects of 
occurrence, distribution, effect, and control of these con-
taminants are not adequately studied. Communities in 
most developing countries experience first-hand effects 
of environmental pollution because of the lack of skilled 
experts and state-of-the-art technology to deal with the 
pollutants [4]. Poor rural people who live next to mining 
facilities or next to processing/refinery industries are usu-
ally exposed to high levels of toxic ion pollution [5]. Major 
human exposure pathways to environmental pollutants 
include oral (via food and drinking water), nasal (via inhala-
tion) and dermal (through skin contact). The use of biologi-
cal agro-industrial wastes as a way to decontaminate envi-
ronmental matrices is an economically feasible approach 
that can be applied by poor communities to combat toxic 
ions [6–10].

The biosorption process uses biomass either as living 
cells e.g. in the form of bacteria or as dead lignocellulosic 
materials to immobilize environmental pollutants. Appli-
cation of dead biomass for water treatment is mostly pre-
ferred because it is cheaper compared to living biomass 
systems. Cost-effectiveness related to the application of 
dead biomass is brought about because dead biomass 
does not require culture conditioning, nor does it require 
any nutrient supply. Furthermore, processing and handling 
of dead biomass in the form of industrial or agricultural 
wastes is simpler, easier and less time consuming than sys-
tems that involve living biomass [11]. It is mainly these and 
other factors that render the application of agro-industrial 
wastes and byproducts (AIWBPs) for water and wastewater 
treatment to be both eco-friendly and economical.

Many researchers modify lignocellulose-based materi-
als to enhance their sorption capacities [12–14]. Biosor-
bents can be applied in raw form, with size reduction as 
the only modification strategy. When raw sorbents can-
not achieve desirable removal efficiencies and/or appli-
cation in its raw form or causes secondary pollution, their 
modification becomes inevitable. Lignocellulosic material 
modification can be divided into two major types—physi-
cal and chemical. Physical or mechanical material modi-
fication techniques may include pyrolysis, lyophilization, 
cutting, autoclaving, steaming, thermal/freeze drying, 
grinding, etc. Chemical modification of materials used 
for biosorption may include pretreatment using chemi-
cal agents such as acids; alkalis; organic solvents; and 
other agents like KOH,  ZnCl2, NaCl,  H2O2,  Na2CO3, etc. [15]. 
Modification of sorbents, however, may add to the costs 
involved and may also render the biosorbents unsuitable 
to the untrained user because some techniques used in 
modification are highly sophisticated. Therefore, the use 
of unmodified (or moderately-modified) biosorbents may 

offer a more cost-effective approach and ease of applica-
bility for removing toxic chemicals compared to the use of 
their fully-modified counterparts.

Lead is a highly toxic environmental pollutant. High and 
chronic intake of Pb has neurotoxicity effects in infants and 
children and is known to cause cognitive disabilities [16, 
17]. There are several anthropogenic sources of Pb includ-
ing wall paints (esp. in old homes), polluted water, Pb-con-
taining foods, Pb-polluted soils, plastics, leaded gasoline, 
and cosmetics. Because of its non-biodegradability char-
acteristics, Pb is ranked as one of the most persistent envi-
ronmental toxins [18]. Application of the usual water and 
wastewater treatment methods through reverse osmosis, 
filtration, flocculation, coagulation, and sedimentation for 
Pb removal is less sustainable due to production of large 
amounts of biological and chemical sludge. These conven-
tional methods, mentioned above, also consume a lot of 
energy and are susceptible to the formation of secondary 
pollution e.g. formation of metal hydroxides [19]. Moreo-
ver, when Pb is present in aqueous solution at very low lev-
els (e.g. <5 ppb), the conventional water and wastewater 
treatment methods can remove it but at relatively higher 
costs. It is important, therefore, to study other techniques 
such as biosorption that can efficiently remove Pb from 
water howbeit at a relatively lower cost.

Biosorption modelling can give researchers insights 
of the mechanisms involved in the adsorption process. 
Modelling of biosorption can also tell something about 
the characteristics of the biosorbents e.g. homogenous vs. 
heterogenous biosorbent surface. Modelling results may 
also indicate sorption capacities tenable to the biosorbent 
unique characteristics. The application of AIWBPs through 
isotherm modelling of the Pb biosorption process was 
investigated in a recent study [11]. The aim of the present 
study was to apply different kinetic models e.g. pseudo-
first- and pseudo-second-order model to elucidate time-
dependency behavior of Pb biosorption. Furthermore, this 
work investigated how material modification influences 
sorption capacities at different reaction times.

2  Materials and methods

2.1  Raw materials

Corn (Zea mays) hulls and rice (Oryza sativa) husks was 
obtained from local millers in Arusha, Tanzania. Usually, 
local millers remove hulls (pericarps) from dried corn ker-
nels before corn milling. Hulls and husks are usually dis-
posed of as waste because of their low or lack of financial 
value. The hulls and husks were washed in the laboratory 
several times using deionized water (DIW) to remove 
extraneous contamination. Washing was done until the 
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water used for cleaning became clear and transparent. 
To remove moisture, corn hulls and rice husks were then 
transferred to the oven and dried for 48 h at 120 °C. Dry 
hulls and husks were ground and sieved through a 35-frac-
tion mesh.

2.2  Preparation of biochars

Ground and sieved hull and husk materials were pyro-
lyzed under nitrogen flow of 100 cm3/min in a tube fur-
nace (J-FCA Model, JISICO, South Korea) at 500 °C for an 
hour followed by cooling. Because pyrolysis caused the 
raw hull and husk materials to be compacted, the prepared 
biochars were ground using a motor and pestle to obtain 
fine biochar particles. The ground biochars were sieved, 
placed in conical tubes, labelled, and kept in a well-sealed 
desiccator for future use.

2.3  Biochar activation

Raw biosorbents’ efficiency may be significantly improved 
not only thermally, through pyrolysis, but also chemically 
by use of activating agents [20]. Features such as pore 
volume, surface functional groups and even surface area 
may improve as a result chemical treatment on the bio-
chars. The corn hull and rice husk biochars used in the 
present study were treated with KOH and  ZnCl2. Details 
on biochar:chemical agent ratios and the entire activation 
procedure may be found in Rwiza et al. [11]. When the acti-
vation process was completed, each biochar category was 
named using the following codes: (1) CH = ground corn 
hulls; (2) RH = ground rice husks; (3) CHB = pre-activated 
corn hull biochars; (4) RHB = pre-activated rice husk bio-
chars; (5) Zn-CHB = corn hull biochars treated with  ZnCl2; 
(6) Zn-RHB = rice husk biochars treated with  ZnCl2; (7) 
KOH-CHB = corn hull biochars treated with KOH; and (8) 
KOH-RHB = rice husk biochars treated with KOH.

2.4  Materials characterization

To determine the materials surface area,  N2 sorption 
desorption isotherms at −196 °C was performed using a 
sorption analyzer (MicroMetrics ASAP 2020 HV, GA, USA). 
Before gas adsorption, all samples were degassed for 6 h 
at 120 °C. After gas adsorption measurements, a standard 
Brunauer-Emmett-Teller (BET) was used for the calculation 
of surface area, pore volume and diameter.

The surface functional characteristics of the materi-
als were measured using an FTIR machine (Model iS10, 
Thermo-NICOLET, Germany), attached with an attenuated 
total reflectance (ATR) accessory. Standard procedures 
such as fine-grinding and drying for 10 h were followed 
prior to taking the FTIR measurements. The wavenumber 

region for FTIR were in the region between 4000 and 
400 cm−1. Surface morphological features were deter-
mined using a field emission scanning electron micro-
scope (FE-SEM: HITACHI S-4700, Japan). Furthermore, point 
of zero charge  (pHPZC) values were determined using a 
method as explained in a previous study [11].

2.5  Kinetic modelling and contact time

For the kinetics study, a series of 250  mL Erlenmeyer 
flasks with 200 mL  Pb2+ solution was used in which 1 g/L 
of each biosorbent was added. The initial  Pb2+ concentra-
tion was 100 mg/L at pH 5.0, which was adjusted using 
0.1 M HCl and NaOH solution. Prior to conducting con-
tact time experiments the biosorbents’ removal efficien-
cies were tested at a pH range of 2–9. A mean solution 
pH = 5 was associated with the highest  Pb2+ removal. The 
sorbate-sorbent solution mixture was agitated at 200 rpm 
in a shaking incubator and a 1 mL sample was taken after 
every 5 min for a duration of 60 min. The collected aliquot 
was diluted, acidified and kept in a refrigerator at ~4 °C 
until analysis by ICP-OES. Two kinetic models were applied 
to the experimental data: the Lagergren pseudo-first-order 
model (Eq. 1) and the pseudo-second-order model (Eq. 2) 
as follows:

where qt is sorption capacity (mg/g) at time t (min); qe is 
the equilibrium sorption capacity (mg/g); k1  (min−1) and 
k2 (g/mg/min) are the pseudo-first- and pseudo-second-
order rate constants, respectively. The results obtained 
from kinetic and contact experiments were also used to 
evaluate the relationship between materials sorption 
capacity and contact time.

3  Results and discussion

3.1  Influence of surface morphology

Raw corn hull and rice husk material exhibited poor for-
mation of pores as well as surface morphological features 
(Fig. 1a, b). However, in Fig. 1a, fibrous features and nodu-
lar structures are clearly visible. In Fig. 1b, the surface has 
rectangular raster-like features. These poorly developed 
surface structures may play some role in enhancing the 
sorption capacities of raw corn hulls (CH) and raw rice 
husks (RH) [21].

(1)ln
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= ln qe − k
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The pyrolyzed materials (Fig. 1c, d) exhibited more pore 
and surface morphology improvement. When compared 
to Fig. 1a, b, the differences were clear. In Fig. 1c, d, clearer 
three-dimensional surface features were observed. On 
both Fig. 1c, d, pores are clearly visible but more numer-
ous and more pronounced in Fig. 1d than in Fig. 1c. This 
may mean that rice husk biochars are more efficient in pol-
lutant sequestration than corn hull biochars. This was cor-
roborated by the  Pb2+ adsorption results in Fig. 5, whereby 
for the first 30 min, rice husk biochar had higher sorption 
capacity than corn hull biochar.

During preparation of the biosorbents, the pyrolysis 
step was followed by the activation step in which the corn 
hull and rice husk biochars were activated using KOH and 
 ZnCl2. The resulting SEM pictures in Fig. 2 indicate that the 
pores were more pronounced in the activated biosorbents 
than they were in the pre-activated biochars. Surface fea-
tures and pores in Fig. 2a were more homogenous and 
well distributed compared to the surface features and 
pores in Fig. 2b. Compared to the inactivated biochars, the 
pores were more numerous and widely distributed in their 
activated counterparts. This may further enhance sorption 
capacities of the activated biochars. The SEM results cor-
responded well with the removal results (Fig. 5). The  Pb2+ 
removal results indicated that corn hull biochar treated 
with KOH was the best of all biosorbents used in the pre-
sent study.

Although both KOH and  ZnCl2 were used as chemical 
activating agents, they affected the surface of biosorbents 

differently. For  ZnCl2-treated biochar the well-shaped 
cave-like structures were less pronounced than those seen 
on the biochars treated with KOH. Instead,  ZnCl2-treated 
biochars attained an increased degree of roughness on the 
surface (Fig. 2c, d). However, the activation still maintained 
the three-dimensional structure of the biochars regardless 
of the type of activation agent. Also, the pores, although 
less pronounced were still visible. Rice husk biochar par-
ticles treated with  ZnCl2 attained a sausage-like wriggled 
structure (Fig. 2d).

3.2  Influence of pore size and other BET parameters

The SEM analyses were followed by the  N2 adsorption-des-
orption isotherm analytical procedures of the Brunauer-
Emmett-Teller (BET) models (Fig. 3). The isotherm indicated 
a typical monolayer sorption pattern. The curves were also 
indicative of microporous materials with relatively small 
surfaces whose limiting uptake may usually be governed 
by the accessible pore spaces rather than the available sur-
face area [20]. According to the classification of the Inter-
national Union of Pure and Applied Chemistry (IUPAC), 
all the eight types of materials used in the present study 
exhibited a Type I category of adsorbents.

The BET analysis yielded more results (Table 1). The 
pore diameter sizes were not greatly varied. Pore diam-
eter sizes ranged from 1.72 to 1.87 nm. According to the 
IUPAC delineation, all the sorbents in the present study 
fell in the microporous range category i.e. pore diameter 

Fig. 1  Scanning electron 
micrographs of (a) ground raw 
corn hulls, (b) ground raw rice 
husks, (c) corn hull biochars 
and (d) rice husk biochars used 
in sorption experiments in the 
present study
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Fig. 2  SEM images of (a) corn 
hull biochars treated with KOH, 
(b) rice husk biochars treated 
with KOH, (c)  ZnCl2-treated 
corn hull biochars and (d) 
 ZnCl2-treated rice husk bio-
chars

Fig. 3  Brunauer-Emmett-Teller (BET)  N2 adsorption-desorption curves for (a) raw corn hulls and rice husks, (b) corn hull and rice husk bio-
chars, (c) KOH-treated corn hull and rice husk biochars and (d)  ZnCl2-treated corn hull and rice husk biochars
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of <2.0 nm. The BET curves in Fig. 3 suggest a monolayer 
adsorption pattern that fits the Langmuir adsorption. Most 
of these eight materials were found to follow the Langmuir 
monolayer adsorption [11]. The BET results in the present 
study indicated that: (1) raw rice husk was a better adsor-
bent than raw corn hull, (2) rice husk biochars were better 
adsorbents that corn hull biochars, (3) KOH-treated corn 
hull biochar adsorbed better than KOH-treated rice husk 
biochar and, (4)  ZnCl2-treated rice husk biochar performed 
better than  ZnCl2-treated corn hull biochar. These BET 
results were confirmed true by the  Pb2+ removal experi-
ment (Fig. 5). However, for most of the biosorbents used 
in the present study, the above trend was only true in the 
for the initial 30 min of the removal experiments.

The values of the BET constant, C, are important when 
discussing the  N2 sorption-desorption characteristics. If 
the value of C ≥ ~80 the ‘knee’ of the isotherm is usually 
sharp and easily distinguishable. This is what was observed 
in Fig. 3c, d; activation of the biochar led to clear micropo-
res that adsorbed  N2 in a good monolayer fashion [22]. 
Values of C < ~50 the ‘knee’ of the isotherm cannot be dis-
tinguished as a single point on the curve. This is what was 
observed in Fig. 3a, b, which suggests that there was a mix 
of monolayer and multilayer adsorption for the raw biosor-
bents [22]. As C gets too small, C < 2, the isotherm could 
either be Type III or Type V meaning that the BET method 
should not be applied [22]. Values of C > ~150 are gener-
ally linked to adsorption on high-energy surface sites or 
the filling of micropores that are narrow [22]. This was the 
case for all of the activated biosorbents used in the present 
study (Table 1).

Overall, the raw biosorbents had the smallest surface 
area compared to the rest of the biosorbents. The ground 
raw corn hulls and rice husks had 0.33 and 0.47 m2/g, 
respectively (Table 1). In the present study, there was not 
much difference in terms of surface area between the corn 
hull biochars and their raw materials. Corn hull biochars 
had 0.82 m2/g of biochar. However, rice husk biochars had 

surface area 5.5 times larger than their raw materials. This 
may suggest that rice husk biochars had higher adsorp-
tion capacity than raw rice husks. This observation was 
further confirmed by  Pb2+ removal experiments where 
the results indicated that biochars performed better than 
the raw biosorbents (Fig. 5). There was a dramatic increase 
in surface area due to material activation (Table 1). KOH-
treated corn hull biochars had surface area 250 times 
larger than raw ground corn hulls. Likewise, KOH-treated 
rice husk biochars attained a surface area 430 times larger 
than raw ground rice husks and almost 80 times larger 
than corn husk biochars. Equally, an enormous increase 
in surface area of about 325 times was found by treating 
the corn hull biochars with  ZnCl2 when compared to the 
raw ground corn hulls. This surface area was still appreci-
ably high, by a factor of about 130, when compared to the 
surface area of the corn hull biochars. Furthermore, when 
compared to their raw counterparts, rice husk biochars 
treated with  ZnCl2 had surface area of about 350 times 
larger. However, the results from this study indicate that 
treatment with KOH had a better effect on surface area 
enlargement than treatment with  ZnCl2. A similar trend 
was observed in terms of the mean volume  N2 adsorp-
tion capacity of the biosorbents (Table 1). The high surface 
area values further translated into the highest adsorption 
capacity values attained by the activated biosorbents as 
indicated by the  Pb2+ removal results in Fig. 5.

3.3  Influence of surface functional groups

For all the eight biosorbents, Fourier Transform-Infrared 
(FTIR) spectra results were found (Fig. 4). For the raw corn 
hull samples, there was a broad and strong –OH peak at 
around 3300 cm−1 (Fig. 4a). This peak was absent in the 
corn hull biochar samples. Probably the –OH functional 
group was due to moisture in the raw corn hull sam-
ples and disappeared as a result of pyrolysis. At around 
2900 cm−1 (Fig. 4a), a sharp and strong peak was observed 

Table 1  A summary of BET characteristics of the different biosorbents used in the present study

Biosorbent name Mean volume adsorption 
capacity (Vm,  cm3/g)

BET surface 
area  (m2/g)

BET constant (C) Total pore vol-
ume  (cm3/g)

Mean pore 
diameter 
(nm)

Raw corn hulls 0.08 0.33 14.20 0.0001 1.76
Raw rice husks 0.11 0.47 18.85 0.0002 1.82
Corn hull biochars 0.19 0.82 43.05 0.0004 1.75
Rice husk biochar 0.59 2.58 68.09 0.0012 1.87
KOH-treated corn hull biochars 19.47 84.75 520.12 0.0365 1.72
KOH-treated rice husk biochars 46.78 203.62 490.55 0.0898 1.76
ZnCl2-treated corn hull biochars 24.95 108.58 910.32 0.0508 1.87
ZnCl2-treated rice husk biochars 37.95 165.17 439.03 0.0757 1.83
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that is linked to C–H bond. This peak was stronger in the 
raw corn hull samples and weaker in the corn hull bio-
chars. Sharp but very weak signals resembling the C≡C 
or C≡N were observed at around 2400 cm−1 for both raw 
corn hulls and corn hull biochars (Fig. 4a). Weak C═C and 
C═O peaks were observed in the raw corn hull samples 
at around 1600–1750 cm−1 region (Fig. 4a). These were 
also observed in the corn hull biochar samples. At around 
1000 cm−1 a sharp and strong signal associated with ester 
groups was observed in the raw corn hull samples (Fig. 4a), 
but it was weak in the corn hull biochar samples. The ester 
groups were probably lost through volatilization during 
pyrolysis [23].

A comparison between raw rice husk samples and 
rice husk biochars (Fig. 4b) indicated that in the region 
between 1850 and 3570 cm−1 the picture is relatively simi-
lar to what was observed in the raw corn hull and corn 
hull biochar samples. The difference is that in Fig. 4b, the 
–OH stretch intensity was minimized and broadened in the 
native biosorbents. Also, even after pyrolysis the rice husk 

Fig. 4  Comparative progression of FTIR spectra from (a) raw corn hulls vs. corn hull biochars, (b) raw rice husks vs. rice husk biochars, (c) 
KOH-treated corn hull biochars vs.  ZnCl2-treated corn hull biochars to (d) KOH-treated rice husk biochars vs.  ZnCl2-treated rice husk biochars

Fig. 5  The effect of contact time on the removal capacity of  Pb2+ 
from solution using the synthesized biosorbents. Initial pH: 5.0, ini-
tial  Pb2+ conc.: 100 mg/L, and T = 298 K
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biochar retained a broad but weak –OH stretch. Another 
difference was found in the triple bond region of C≡C and 
C≡N where the native rice husk samples had a peak at 
2360 cm−1 but this peak was lost after pyrolysis to form 
rice husk biochars. In the fingerprint region, strong peaks 
that could correspond to aromatic C═C, acyl C–O or ester 
groups were found in wavenumbers between 1000 and 
1200 cm−1 [24].

The two spectra for KOH- and  ZnCl2-treated corn hull 
biochars (Fig. 4c) were well superimposed and had regions 
that were more similar than they were different. How-
ever, there were slight differences between the chemi-
cally treated corn hull biochars and their precursors. For 
instance, the –OH stretch in the native corn hulls was 
sharper and stronger than it was in chemically treated 
biochars. The –OH stretch in both the chemically treated 
biochars are broader and weaker. Furthermore, the –OH 
stretch was lost during pyrolysis of the rice hulls but treat-
ment with activation agents restored the –OH stretch. 
Additionally, the peaks corresponding to C═C and C═O 
bends were stronger in chemically modified corn hull bio-
chars compared to their precursors. A similar trend was 
observed for the chemically modified rice husk biochars. 
However, KOH-treated rice husk biochar had a clear, sharp 
and very strong peak at around 1000 cm−1 (Fig. 4d), which 
could be indicative of aromaticity formation in the materi-
als [25]. Furthermore, C≡C and C≡N peaks with a positional 
shift were observed at around 2350 cm−1 [26]. Usually, 
these peaks would be formed at around 2270–2100 cm−1. 
The positional shift of the peaks was probably linked to 
molecular interactions related to hydrogen bonding in the 
biosorbent samples [27]. Biochars pyrolyzed at tempera-
tures ≥400 °C are known to form aromatic and carboxyl 
surface functional groups [28]. Esterification, carboxyla-
tion, and aromaticity of biochars have been associated 
with improved metal uptake [29].

3.4  Effect of contact time

In the present study, the effect of contact time in relation 
to sorbent type and sorption capacity was also analyzed 
(Fig. 5). For raw biosorbents (CH and RH), the sorption 
curves did not have a steep slope during the initial 20 min 
and their curves started to flatten at around the 25th min. 
Moreover, RH indicated a maximum  Pb2+ sorption capacity 
of 15.71 ± 0.26 mg/g lower than CH (19.85 ± 0.14 mg/g). 
High sorption capacity of the native corn hulls was prob-
ably attributable to surface fibrous and nodular nature of 
the CH material (Fig. 1a).

For the two untreated biochars, CHB and RHB (Fig. 5), 
the time-based sorption curves are different from what 
was observed in the case of the raw biosorbents. In the 
initial 30 min,  Pb2+ sorption capacities by CHB were lower 

than the sorption capacities of RHB. At the 30th min, the 
sorption capacities by these two biochars became equal. 
At a time beyond the 30th min,  Pb2+ sorption capacities 
by CHB were higher than capacities attained by RHB. This 
means that, within a short time span, RHB worked better 
than CHB but with longer sorption time CHB worked bet-
ter. This was probably due to  Pb2+ being mainly adsorbed 
on the surface of RHB followed by saturation of the surface 
binding sites while for CHB the sorption took place both 
on the surface and into the pores beneath the surface of 
the biosorbent. Therefore, it took a longer time for CHB 
to reach maximum sorption capacity. This was obvious in 
the SEM surface morphology pictures in Fig. 1c, d, where 
corn hull biochars exhibited deeper micropores (Fig. 1c) 
compared to shallower and superficial pores on RHB sur-
face (Fig. 1d).

Biochars treated with  ZnCl2 (Zn-CHB and Zn-RHB, Fig. 5) 
indicated a similar time-based  Pb2+ sorption pattern. 
There was a dramatic increase in their sorption capacity 
in the initial 5 min. Starting from a contact time of 20 min 
and afterward, there was not much change in their  Pb2+ 
removal capacities as the binding sites began to reach 
saturation. For Zn-CHB, the final maximum capacity was 
94.25 ± 0.06 mg/g whereas for Zn-RHB highest  Pb2+ sorp-
tion reached is 93.64 ± 0.26 mg/g. Compared to the raw 
biosorbents and pre-activated biochars,  ZnCl2-treated bio-
chars produced better sorption capacity results. This was 
probably attributable to their higher surface area com-
pared to both the raw biosorbents and the pre-activated 
biochars.

When the biochars treated with KOH were used to 
study the effect of contact time on the removal of  Pb2+ 
from solution, interesting results emerged. Although both 
KOH-CHB and KOH-RHB had higher sorption capacities 
compared to the untreated biosorbents, the time-based 
sorption capacity pattern by KOH-CHB was totally different 
from that of KOH-RHB (Fig. 5). For KOH-RHB, there was a 
dramatic increase in the sorption of  Pb2+ in the first 5 min 
of up to 63 mg/g followed by a slight drop in the sorption 
capacity at a contact time of 10 min. After the 10-min mark, 
sorption capacities for KOH-RHB started to increase grad-
ually forming a plateau at 72.73 ± 1.53 mg/g in the 35th 
min. On the other hand, the sorption capacity by KOH-
CHB increased sharply to 90 mg/g in the first 5 min and 
by the 10th min a saturation point of 98.06 ± 1.04 mg/g 
was established.

These differences in adsorption capacities between 
KOH-CHB and KOH-RHB were attributed to their differ-
ences in the point of zero charge  (pHPZC) values, 5.27 and 
5.93, respectively (Table S1 in the Supplementary Mate-
rial, [11]). Because KOH-RHB was found to have high  pHPZC 
value, it followed that KOH-RHB possessed a narrower pH 
range in which it could attract  Pb2+ ions from water when 
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compared to other biochars. The fast removal rate in the 
initial 5 min contact time was, therefore, probably attribut-
able to the high number of binding sites initially available 
for binding of  Pb2+ ions compared to the concentration 
of  Pb2+. As adsorption progressed, the fraction of binding 
sites available for  Pb2+ uptake diminished, and this led to a 
competition among the ions for the adsorption sites. This 
may have caused the observed slow-down in the rate of 
ion uptake as the overall interaction rate became depend-
ent on the rate at which  Pb2+ was being transported from 
the bulk solution to the sorbate-sorbent interface [30]. 
Overall and irrespective of the contact time, activated 
biochars attained higher sorption capacities compared 
to both the raw materials and the pre-activated biochars.

3.5  Sorption kinetic studies

In the present study, experimental results were compared 
to the results obtained using the Lagergren (pseudo-first-
order) and the pseudo-second-order models (Table 2) [31]. 
From the R2 values, it was observed that the pseudo-sec-
ond-order model fitted the data better than the pseudo-
first-order model for all biosorbents. The calculated R2 
values for the pseudo-second-order model were close to 
unity for all biosorbents. Also, compared to the pseudo-
first-order model, the pseudo-second-order model was 
able to predict the experimental equilibrium sorption 
capacities (qe) with a higher precision. For example, the 
qe values predicted by the pseudo-first-order and the 
pseudo-second order model for the sorption of  Pb2+ onto 
KOH-CHB were 5.09 and 98.33 mg/g, respectively; the 
experimental value was 98.06 ± 1.04 mg/g. From these 
results it was observed that the pseudo-second-order 
model suited the experimental data better than the Lager-
gren model.

3.6  Sorption mechanisms

To elucidate the possible mechanisms of  Pb2+ sorption 
onto the biosorbents, a Weber-Morris intraparticle diffu-
sion model (Eq. 3) [32] was applied to the experimental 
data:

where qt is sorption capacity (mg/g) at time t (min), kid is 
the intraparticle diffusion constant (mg/g/min), and C is a 
measure of the thickness of boundary layer. Results from 
the Weber-Morris model were plotted (Fig. 6). If a Weber-
Morris plot yields one straight line, then biosorption is 
controlled by intraparticle diffusion only [33]. However, if 
by plotting the data a multilinear graph is obtained, then 
two or more steps may be influencing the adsorption 
process. In the present study, plotting the experimental 
data using the Weber-Morris equation resulted into mul-
tilinear curves (Fig. 6). It was found that sorption of  Pb2+ 
onto raw biosorbents (CH and RH) was a two-step pro-
cess (Fig. 6a, b), whereas for all biochars sorption involved 
three steps (Fig. 6c–h). The two steps in CH and RH were 
probably external surface adsorption and intraparticle 
diffusion (Fig. 6a, b) [34]. For the case of  Pb2+ adsorption 
onto untreated and treated biochars, all three steps—sur-
face adsorption, intraparticle diffusion, and sorption onto 
active functional groups were involved (Fig. 6c–h).

The slopes, kid, characterize the rate of sorption i.e. 
the higher the kid value the faster the sorption rate. It is 
usually expected for the first phase to occur faster than 
the subsequent phases and this was the case for all the 
biosorbents used in the present study except RHB. Prob-
ably for RHB, the pore size, shape and geometry facilitated 
the movement of  Pb2+ into the biosorbent’s subsurface 
micropores [35]. Generally, the intercept (C) values con-
firmed that movement from the surface to the micropores 
encountered an increasing boundary layer effect. Higher 

(3)qt = kid ⋅ pt
1∕2 + C

Table 2  The Lagergren and pseudo-second-order model parameters for the sorption of  Pb2+ onto the synthesized biosorbents

Model Parameter Biosorbent

CH RH CHB RHB Zn-CHB Zn-RHB KOH-CHB KOH-RHB

Pseudo-first-
order

R2 0.74 0.45 0.81 0.98 0.99 0.82 0.71 0.92

k1  (min−1) 0.01 0.004 0.09 0.04 0.05 0.04 0.04 0.01
qe (mg/g) 28.76 17.08 93.88 28.62 18.82 6.65 5.09 33.92

Pseudo-sec-
ond-order

R2 0.99 0.95 0.99 0.99 0.99 0.99 0.99 0.99

k2 (g/mg/min) 0.02 0.06 0.004 0.003 0.01 0.02 0.68 0.01
qe (mg/g) 20.86 16.56 54.17 69.25 96.34 94.07 98.33 75.93

Experimental qe (mg/g) 19.85 ± 0.14 15.71 ± 0.26 65.92 ± 2.15 63.94 ± 1.23 94.25 ± 0.06 93.64 ± 0.26 98.06 ± 1.04 72.73 ± 1.53
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C values indicate a higher boundary layer effect and vice 
versa. Except for RHB, the boundary layer effect increased 
as  Pb2+ moved from phase (1) to phase (2).

Also, kid3 values associated with  Pb2+ transfer to the 
active functional groups for CHB (4.6; R2 = 0.96), KOH-CHB 
(0.47; R2 = 0.97), and KOH-RHB (0.47; R2 = 0.97) were slightly 
higher than kid2 values of (2.9; R2 = 0.97), (0.34; R2 = 0.83), 

and (0.23; R2 = 0.64), respectively. This indicates that  Pb2+ 
uptake by functional groups was slightly faster than the 
uptake via intraparticle diffusion. This may be attributable 
to the availability of functional groups near the surface of 
these sorbents. Thus, for the raw biosorbents (CH and RH), 
it can be deduced that mass transport to the adsorbent 
surface and intraparticle diffusion, imply physisorption 

Fig. 6  The Weber-Morris intra-
particle diffusion plots for  Pb2+ 
sorption onto: (a) CH, (b) RH, 
(c) CHB, (d) RHB, (e) Zn-CHB, 
(f) Zn-RHB, (g) KOH-CHB, and 
(h) KOH-RHB. Black squares (■) 
represent film diffusion step 
(1), open squares (□) represent 
intraparticle diffusion step (2), 
and black triangles (▲) repre-
sent adsorption of  Pb2+ onto 
active functional groups (3) 3 4 5 6 7 8
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processes, were the dominant sorption mechanism. For 
CHB, KOH-CHB, and KOH-RHB adsorption onto surface 
functional groups was faster than intraparticle diffusion, 
indicating a dominant chemisorption mechanism. Results 
also indicated that  Pb2+ sorption onto RHB, Zn-CHB and 
Zn-RHB was dominated by physisorption processes, prob-
ably electrostatic interaction [36]. Generally, in the present 
study, mass transfer to the boundary layer occurred in the 
first 20–25 min. This indicates high affinity of the biosorb-
ents for  Pb2+. Abdalla et al. (2019) investigated the adsorp-
tion of Zn, Cu, and Pb onto mushroom compost biochar 
using the Weber-Morris model and found a similar pattern 
of adsorption [37].

4  Conclusions

In many sub-Saharan Africa (SSA) countries, including 
Tanzania where the present research was conducted, agri-
cultural wastes are freely available. In many sub-Saharan 
Africa cities and small towns, agricultural waste materials 
are usually left to rot and may lead to environmental nui-
sances such as foul smell and clogging of drainage systems 
during rainy seasons of the year. In the present study, agri-
cultural wastes from corn and rice production was used to 
successfully remove lead (Pb), one of the most notorious 
environmental pollutants, from water. This has threefold 
environmental conservation relevance: waste reuse, toxic 
chemical sequestration, and sustainability of agricultural 
systems.

Although the raw biosorbents indicated capacity to 
remove Pb from water, it was found, during the laboratory 
experiment, that the final water was brown. This would 
cause aesthetic issues to the end-user when raw corn hull 
and rice husk material are used for water treatment. Also, 
compared to the pre-activated and activated biochars; 
water treated by the raw corn hull sand rice husks had foul 
smell. Therefore, further studies are recommended on how 
the raw biosorbents may be used without leading to sec-
ondary contamination of the treated water.

All the materials used in the present study were in 
their pure form. Further studies are recommended that 
will hybridize the materials and examine the impacts of 
material hybridization on  Pb2+ removal capacity. Also, the 
present study used wastes from only two crops. Further 
studies that examine the capacity of other waste materials 
e.g. cassava peels, tomato waste, coconut residues, and 
bean wastes are recommended.
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