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A B S T R A C T

Indiscriminate waste discharge into water bodies has increased the level of water pollution via anthropogenic
activities. Hence the need for the development of sustainable and environmentally benign nanomaterials has the
potential for wastewater treatment. Rice husk activated carbon (RHAC) prepared by orthophosphoric acid acti-
vation was successfully loaded with freshly prepared ZnO nanoparticles by a bottom-up approach via precipita-
tion method resulting in the RHAC-ZnO-NC. RHAC-ZnO-NC's mineralogy with 72% zincite was determined by
XRD, morphology by SEM, and the functional group by FTIR. The physicochemical parameters showed surface
area 615.2 m2 g-1, pH (pzc) (6.62), pH (6.53), bulk density (0.88 g/cm3), ash content (18.45%), and volatile matter (58.08%).
The porosity was determined by iodine number. Boehm titration was carried out for oxygen-bearing functional
group determination. The study substantiated RHAC-ZnO-NC as a promising material for adsorption and pho-
tocatalytic degradation.
1. Introduction

The increase in the global population has led to an increase in food de-
mand. Agricultural waste is therefore inevitable in Nigeria as farming
practices are greatly on the increase. They are by-products of agricultural
practices regarded as agro-residues such as rice husk, plantain peel, coconut
husk, sugarcanebagasse, groundnut shell, etc. These agro-wastes aremostly
discarded indiscriminately into streams and rivers, and incinerated thus,
leading tovariousenvironmental problems[1].The ricehusk is thecovering
obtainedafter themilling process is carried out on the rice grain. Thehusk is
the outermost covering on the rice grainandmakes us 20–25%of the grains'
total weight. After the milling, disposal of the husk becomes a major chal-
lenge in many areas and as such end up being burnt or discarded indis-
criminately, causing lots of environmental pollution. Researchers have
therefore shown keen interest in the conversion of rice husk targeting the
production of activated carbon for remediation, therefore, serving as a
technique for waste management [2, 3]. In recent times, agro-waste
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valorizationhasbeenonthe increase.Numerousadvantagesexist for theuse
of such agro-waste-based activated carbon ranging from the high removal
efficiency to its cost-effectiveness and ease ofmodification. Thus, low-value
wastes are converted to high-value adsorbents [4]. The low selectivity
servesasahuge limitation to thebroadutilizationof activatedcarbon for the
removal of pollutants. As such, various techniques have been employed by
researchers to modify and increase the adsorption capacity, porosity, and
surface area of activated carbon [5]. Loading activated carbon with nano-
particles has attracted a lot of attention as a means of modification because
nano-composites combine the individual properties of the nanoparticles
and activated carbon leading to an adsorbent with enhanced adsorptive
capacity.Among the types of nanoparticles,metal oxides vis-�a-vis core-shell
zerovalent iron, manganese oxide, zinc oxide, titanium oxide, copper oxide
and cesium oxide have been reported as operational adsorbents for pollut-
ants' removal owing to their uniqueness in terms of surface area, selectivity,
and ability to penetrate the contamination zone of pollutants [6, 7, 8, 9].
They possess large areas as matrices or stabilizers to obtain hybrid
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nano-composite adsorbents. These nanocomposites have shown the ca-
pacity to increase the sorption capacity of the adsorbents to which it is
loaded. Nano-composites have exhibited efficiency in the sorption of
various pollutants such as pharmaceuticals [27] dyes [25, 26, 29], and
heavymetals [25]. Equally, these nanocomposites havebeen shown tohave
reusability capacity without a drastic or ridiculous reduction in the effi-
ciency of the adsorbent [9]. Thus, this study aims at preparing and char-
acterizing rice husk-activated carbon-supported zinc oxide nanocomposite
(RHAC-ZnO-NC).

2. Materials and method

2.1. Sample collection and preparation

Rice husk was obtained from Landmark University Research Farm,
Kwara State, Nigeria with a location (of 8.1239� N, 5.0834� E, Omu
Aran). It was screened and thoroughly washed to remove impurities and
dust. Using distilled water, the rice husk was then rinsed and oven-dried
for 3 h at 110 �C. The rice husk (30 g) was then treated with 100mL nitric
acid (1.0 M HNO3) with a pretreatment ratio of 1:2 to remove metallic
impurities, rinsed and dried, and then treated with 1.0 M NaOH to
remove silica content and brick red coloured RH was obtained. Then, it
was transferred to a furnace for carbonization at 400 �C for 1 h.

2.2. Carbonization and chemical activation

The temperature required for carbonizationmust be carefully selected
to ensure that the sample does not turn to ash. The temperature must
however be sufficient to carbonize all existingnon-carbon compounds and
increase the pore spaces and surface area of the adsorbent. 500 g of the
treatedRHwasmeasured into 1000mLbeaker containing1MH3PO4. The
beaker content was heated for about 10 h at 70 �C till a paste was formed.
The paste in the cruciblewas heated at 400 �C in amuffle furnace for 1 h at
a heating rate of 5 �C per min to enhance pore opening. The resulting
RHAC was cooled and later thoroughly rinsed with DI to obtain a neutral
pH. The pore opening leading to a large surface area was synergistically
enhanced by both the carbonization and chemical activation [2, 10]. The
activated carbon was oven-dried at 105 �C, labelled RHAC and thereafter
kept in a desiccator (air-tight) for further utilization.

2.3. Nano-composite synthesis

The synthesis of ZnO nanocomposites was carried out by slight
modification to themethod as described in our previous studies [7, 11, 12,
13, 14]. 1.5 M (NH4)2CO3 solution was stirred vigorously with 5 g
as-prepared RHAC. 1.0 M Zn (NO3)2 solution was then slowly added to it.
A white precipitate was formed on the activated carbon, the nanoparticles
began to form immediately within 2 min like a white colloidal precipitate
turning grey as a result of a homogeneous mixture with black as-prepared
RHAC. The reaction was allowed to age for 3 h while grey particles paste
formed in 3 h. The loaded RHAC-ZnO-NC a filtered using Whatman filter
paper and rinsed repeatedly with water and ethanol. The rinsed nano-
composite was dried in a hot-air oven at 110 �C for 6 h, thereafter
annealed, ground, and calcined in a furnace for 4 h at 550 �C. After
cooling, it was stored in an airtight container labelled as RHAC-ZnO-NC.

2.4. pH determination

1.0 g of the nano-adsorbent (RHAC-ZnO-NC) was weighed and placed
into a beaker. 100mL of distilled water was added and allowed to boil for
5 min. Afterwards, the solution was diluted to 200 mL, allowed to cool
and obtained pH value was recorded.

2.5. pH point of zero-charge (pHpzc) determination

The pH (pzc) was determined by adding 0.1 g of RHAC-ZnO-NC into a
250 mL conical flask containing 50 mL of 0.1 M NaCl. This was done
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differently in ten (10) conical flasks while the pH of each flask was varied
from pH 2 to 12 using 0.1 M NaOH or HCl. Thereafter, it was sealed and
shaken for 24 h. The final pH was determined and a plot of the difference
between the final and initial pH, (pHf – pHi) against the initial pH was
plotted. The pH (pzc) was observed as the point where the plotted line
cuts the x-axis (initial pH axis) which is when the final pH equals zero
[15].

2.6. Bulk density determination

The determination of the bulk density was carried out using the
method described in the literature [30]. A 10 mL measuring cylinder was
weighed after and before it was packed with water. The RHAC-ZnO-NC
sample was then packed into the measuring cylinder, tapped 2–3
times, and then re-weighed. The difference in weight was determined
and the bulk density was determined with Eq. (1):

Bulk density¼ W2 � W1

v
(1)

Where:
W2 ¼ Weight of cylinder filled with sample.
W1 ¼ Weight of empty measuring cylinder.
V ¼ Volume of cylinder.

2.7. Moisture content

This was evaluated following the method as described in the litera-
ture [4, 16]. The empty crucible was weighed and 1.0 g of the
RHAC-ZnO-NC was weighed into it after which it was placed in an oven
and heated for 5 h at 110 �C in an oven. The cooled sample placed in a
desiccator was reweighed. The moisture content was obtained by weight
difference divided by initial weight using Eq. (2):

Moisture%¼ loss in weight on drying ðgÞ
initial weight ðgÞ � 100 (2)

2.8. Ash content

The ash content was determined using the method described by
Ref. [17]. The crucibles were first preheated, cooled in a desiccator and
weighed. 1.0 g of RHAC-ZnO-NC was measured into the crucibles and
transferred to the furnace, thereafter allowed to heat at 500 �C for about
1 h 30 min. This was placed in a desiccator for cooling and the final
weight was measured. Eq. (3) was used to calculate the % Ash content

%Ash¼ ash weight
oven dry weight

� 100 (3)

2.9. Volatile matter

The volatile matter determination of RHAC-ZnO-NC was carried out
by weighing the empty crucible and then placing 1.0 g of the sample. The
sample placed in a furnace was allowed to rise to 500 �C. At 500 �C, the
sample was heated for 10 min, and thereafter cooled before the final
weight was measured. The value of the % volatile matter was calculated
using Eq. (4) [17]:

% Volatile matter¼weight of volatile component ðgÞ
oven dry weight ðgÞ � 100 (4)

2.10. Surface area determination by Sears methods

The adsorbent surface area was determined using Sear's method. 0.5 g
of as-prepared RHAC-ZnO-NC was measured into a 250 mL conical flask
having 50 mL of 1 g NaCl. The mixture's pH was raised using 0.1 MHCl to
pH 3–3.5. Titration was done with 0.1 M NaOH to raise the pH to 4 and



Table 1. Physicochemical characteristics of RHAC-ZnO nanocomposites.

Property RHAC-ZnO nanocomposite

Surface area (sears method) 615.2 m2 g-1

% Moisture content 17.72

Bulk density 0.88

Ash content (%) 18.45

Volatile matter (%) 58.007

pHpzc 5.10

pH 6.53
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then raised to 9. The difference in the volume required to raise the pH
from 4 to 9 was recorded and utilized to evaluate the surface area using
Eq. (5) [11, 14, 18, 19]:

S ðm2 � gÞ¼32V� 25 (5)

2.11. Iodine number determination

Iodine number for pore determination was carried out following the
method described in the literature [20]. A 1000 mL stock solution
comprising 2.7 g iodine pellets and 4.1 g KI (potassium Iodide) was
prepared. This was standardized using sodium thiosulphate (standard
solution). In a 100 mL flask, 10 mL of 5% v/v HCl together with 0.5 g
RHAC-ZnO-NC was added with constant stirring to wet the sample. 100
mL of the prepared stock iodine solution was placed on the shaker for
60 min after which it was filtered. 0.1 M sodium thiosulphate was
placed in a burette and titrated with 20 mL of the filtered
RHAC-ZnO-NC solution. The amount of iodine adsorbed was calculated
using Eq. (6)

Img
g

¼B� S
B

� VM
W

� 253:81 (6)

Where W represents the adsorbents mass, B and S represents the volumes
of thiosulphate solution required for blank and sample titrations,
respectively, 253.81 is the atomic mass of iodine and V is the 20 mL
aliquot while M is the concentration of the iodine solute.

Comparison of the porosity and surface area of both the base material,
RHAC and the nanocomposite, RHAC-ZnO-NC, from this study could be
estimated using Eqs. (7) and (8) [21]:
Figure 1. (a) Surface porosity determination by iodin
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Iodine value¼Concentration � atomic mass � normality � volume of iodine
Mass of activated carbon � volume of blank thiosulphate
(7)

SBET ¼ Iodine value � 10�3

Atomic mass of Iodine
� NA � ω (8)

Where NA ¼ Avogadro's number ¼ 6.023 � 1023 and ω ¼ 0.2096 �
10�18.

2.12. Fourier transform infrared (FTIR) analysis

The various functional groups were determined by FTIR analysis
using an FTIR spectrometer (PerkinElmer FTIR-2000).

2.13. Determination of oxygen containing functional groups by Boehm
method

The Boehm titration method as described by Bello et al (2017) [14]
was adopted for this analysis. One gram of RHAC-ZnO-NCwas placed in a
beaker having 15 mL of 0.1 M NaOH, 0.5 M Na2CO3 and NaHCO3 (0.1 M)
solutions for groups that are acidic. However, for basic groups, 0.1 M HCl
solution was used and at ambient temperature, for 48 h they were placed
on a shaker. The solution was back titrated with NaOH (0.1 M) for basic
groups and HCl (0.1 M) for acidic groups. Due to the ability of NaOH to
neutralize phenolic, lactonic and carboxylic groups and Na2CO3 to
neutralize carboxylic and lactonic groups and NaHCO3 to neutralize
carboxylic groups only, the number of oxygen-containing functional
groups can be evaluated using Eq. (9):

FX ¼Vbx � Vex

MX
�Mt � DF (9)

Where Vbx is the volume of titrant used to titrate the blank, DF is the
dilution factor, Fx (mmolg�1) is the amount of oxygen-containing func-
tional groups, Mt is the molarity of the titrant used, Vex is the volume of
the titrant used to titrate the extract [22].

2.14. Electron microscopy (SEM) analysis

Scanning ElectronMicroscopy (SEM) is a technique based on electron-
material interactions, capable of producing images of the sample surface.
e adsorption (b) iodine characteristic parameters.



Figure 2. (a) XRD analysis and (b) elemental distribution of RHAC-ZnO nanocomposites.
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These particles are analyzed by various detectors which give a three di-
mensions image of the surface. This technique was used to study the
morphological feature and surface characteristics of the prepared adsor-
bents [22].

2.15. X-ray diffraction (XRD) analysis

The X-ray Diffraction Schmaltz model XRD 6000 automated with Ni-
Filtered Cu Kα radiation was used to investigate the material structure of
RHAC-ZnO nanocomposites.

3. Results and discussion

The loading of nanoparticles onto activated carbon improved the
physicochemical properties, surface morphology, oxygen groups, and
crystallinity of the resultant nano-composite.
4

3.1. Moisture content, ash content, volatile matter, and bulk density
physicochemical characterization of RHAC-ZnO-NC

The physicochemical characteristics of the RHAC-ZnO-NC are pre-
sented in Table 1. Results reveal low ash, moisture, and volatile matter
content. High moisture content dilutes the capacity of carbon thereby
causing additional weight [23]. Lower moisture content is desirable for
the material to be applied for remediation such as RHAC-ZnO-NC. From
this study as seen in Table 1, the moisture content obtained for
RHAC-ZnO-NC being 17.2%, is in an acceptable range when compared to
other materials containing activated carbon as obtained in other studies.
It is lower than the one obtained by Leena et al. (2015) [24], and that
reported by Ekpete for Fluted Activated Carbon (FAC) (19.50%) [25].

Ash content influences the ignition point of carbon leading to a
reduction of its capacity when used for remediation. This implies that the
efficiency of RHAC-ZnO-NC could be affected by the ash content



Figure 3. FTIR spectrum of RHAC-ZnO nanocomposites.

Table 3. Vibrational band assignment of peaks for FTIR spectrum of RHAC-ZnO
nanocomposites.

Wave number Vibrational band assignment

3652.8 O–H stretch

2978.1 C–H aliphatic stretch

2370.6 C¼N stretch
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therefore composite of activated carbon with lower ash content is more
preferred. 18.45% ash content is obtained in this study as presented in
Table 1. A range of 1–20% is reported to be the acceptable range for ash
content [26, 27]. The value obtained for volatile matter content was
lower than those reported by [28] on rice husk activated carbon which
indicates an improvement over the activated carbon due to the doping by
ZnO leading to the formation of RHAC-ZnO-NC.

The bulk density is also an important parameter as it gives the degree
of filterability and equilibration of the adsorbent. Presented in Table 1 is
the bulk density of RHAC-ZnO-NC which was observed as 0.88 � 0.02 g
cm�3. This implies better equilibration which is expected for nano-
materials or developed adsorbents. In this study, the bulk density being
less than 1.2 g cm�3 is an indication that RHAC-ZnO-NC would be a
suitable nanocomposite for remediation or photocatalytic studies. This
observation is supported by Moyo et al., 2013 [23].

3.2. The isoelectric point determination via pH and pHpzc

The pHwas found to be 6.53 and the pHpzc at 5.10 as shown in Table 1.
This was in agreement with reports on the pH of 6–8 as acceptable limits
for applications [17]. Since, the values of pH > pHpzc, the surface charge
on the RHAC-ZnO-NC is negative which would give it relevance in the
adsorption of cationic pollutants. More so, nanocomposite or its activated
carbon hybrid have been reported effective at lower pH within the
acceptable range 6–8 [28].

3.3. Iodine number

One of the most fundamental parameters to measure carbon per-
formance is the iodine number. Since the base material used in the
formation of RHAC-ZnO-NC contains, carbon content, the determination
of iodine number parameters becomes imperative. Iodine number is also
regarded as the measure of the carbon content by adsorption of iodine
Table 2. Oxygen containing functional groups.

Groups RHAC-ZnO nanocomposite

Carboxylic (meq/g) 0.09

Phenols (meq/g) 0.12

Lactones (meq/g) 0.03

Basic sites (meq/g) 0.21
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molecule. Advantageously, it could be applied in determining the
porosity and the total surface area which are relevant physicochemical
parameters in support of other methods of surface area determination.
Therefore, to determine the carbon performance as a base material used
in RHAC-ZnO nanocomposite for this study, to measure porosity, as well
as surface area, iodine adsorption studies, become imperative. Figure 1a
depicts the porosity determination by iodine adsorption at different
RHAC-ZnO dosages. The result shows that the percentage of iodine
adsorbed increases from 66 to 95 as the RHAC-ZnO-NC dosage also
increases due to an increase in porosity as a measure of an increase in
the active sites [26]. A similar observation was reported in adsorption
studies where the effect of adsorbent dosage was investigated [7, 30].
Figure 1b shows the comparison of the rice husk activated carbon
(RHAC) base material and RHAC-ZnO-NC nanocomposite. The Iodine
number of RHAC-ZnO-NC (660.4), average % Iodine (68%) and SBET
(651.15 m2 g-1) surpassed that of RHAC (base material) and several
other materials reported in the literature such as commercial activated
carbon (200.36) [20], moringa leaf raw (MLR ¼ 92.24), moringa leaf
acid and base activated, 182.29 and 169.18 respectively [29], and
ground pine activated carbon (GPAC) 483.5 [31]. Further confirmation
of the high surface area of RHAC-ZnO-NC is the specific surface area
determined and presented in Table 1. The higher iodine parameters
(Figure 1b) of RHAC-ZnO-NC further signposted it as better nano ad-
sorbents that could find relevance in wastewater remediation and a
cleaner environment.
2109.7 C�C stretch

1982.9 C¼O symmetric stretch

1871.1 C¼O stretch of carboxylic acid/acid halide

1580.4 C¼C stretch

162.9 C–O stretch

1036.2 C–O stretch

797.7 ¼C–H bend

670.9 ZnO



Figure 4. SEM images of (a) RHAC and (b) RHAC-ZnO nanocomposites.
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3.4. XRD analysis of RHAC@ZnO

Figure 2(a&b) show the XRD pattern and the elemental distribution of
RHAC-ZnO nanocomposite. Figure 2a depicts the crystallinity nature of
RHAC-ZnO as evidence of ZnO formation in the loading of RHAC-ZnO. The
XRD pattern displayed in Figure 2a measured at 2 theta was from 1 – 70�.
The values of the peaks at 29.9�, 48� and 57� correspond to wurtzite.
Prominent peaks at 32�, 34�, 36�, 37� also correspond to zincite [32].
Other peaks at 48�, 52�, 55�, 62�, 65�, and 68� correspond to quartz,
hopetite, and granet with their corresponding percentage distribution as
displayed in Figure 2b. The constituents from Figure 2a&b confirm
RHAC-ZnO as nanocomposite. Notable characteristic peaks from the XRD
pattern observed in Figure 2a confirmed the presence of ZnO when
compared with the JCPDS card no 36-1451. This observation is supported
by the report of Prabhu et al., 2019 [33] and Uma et al., 2019 [34].

3.5. Surface chemistry by functional group determination

Figure 3 presents the FTIR spectrum of RHAC-ZnO nanocomposite.
Some of the various band assignments are presented in Table 2. The weak
bands between 3652 and 3317 correspond to a hydroxyl group (–OH) of
intramolecular bonds [35], 2978 cm�1 ascribed to C–H stretch of
aliphatic, 2370.6 cm�1 assigned to C¼N stretch, 1848 cm�1 is assigned to
–C¼O stretch of carboxylic acid or an acid halide, a signal at 1595 cm�1 is
–C¼C– of alkene [36]. Other vibrational bands are presented in Table 3.
More of the oxygen-bearing functional group contains an acidic site as
can be confirmed from the Boehm analysis. The shift in the band of ZnO
to 670.9 cm�1 could be due to the doping of the RHAC. Mainly the bands
between 1580 cm�1 and 1036 cm�1 are assigned to ring vibration in
aromatic mostly common to carbonaceous materials [37].

3.6. The Boehm titration

This gives information on the concentration and type of functional
groups of RHAC-ZnO-NC. As shown in Table 2, the acidic group of the
oxygen-containing functional groups are carboxylic (0.09 meq/g), phe-
nols (0.12meq/g), and lactones (0.03meq/g) cumulating to a total of 0.24
mmol/gwhile the basic group is 0.21mmol/g. Thenumber of basic groups
is much lower in comparison to acidic groups suggesting that there are
more oxygen-bearing functional groups as depicted in Table 2 hencemore
acidic sites. This is also supported by the pH point of zero charges found to
occur at 5.10 depicting a positive charge in solution up to pH(pzc)¼ 5.10
above this pH, the surface of RHAC-ZnO-NC would be negative. This
6

further supported the dominance of the acid sites in the oxygen-bearing
functional group found in FTIR analysis. This finding is supported by the
report of Nethaji et al. (2013) [38] and Bello et al. (2014) [39].

3.7. Scanning electron microscopy (SEM) analysis of RHAC-ZnO-NC

Figure 4(a&b) show the SEM micrographs of pure rice husk activated
carbon (RHAC) (Figure 4a) and RHAC-ZnO-NC (Figure 4b). Shown in
Figure 4a are trapezoidal and porous surfaces which were improved upon
when RHAC-ZnO-NC was formed. This reveals irregular, rough, coarse
surfaces with different cracks and crevices which reveal the existence of
well-developed pores [36, 37, 40, 41, 42]. It is suggested that these pores
could have resulted from the physical and chemical activation as well as
the doping with ZnO resulting in the formation of RHAC-ZnO-NC. These
developed pores could serve as the site for swallowing and trapping
pollutant molecules when RHAC-ZnO-NC is applied for adsorption and
remediation. More so, the pores could also enhance the uninterrupted
flow of adsorbate.

4. Conclusion

Preparation and characterization of RHAC-ZnO-NC were the main
aims of this study. By controlled precipitation, RHAC-ZnO-NC was suc-
cessfully prepared. From the physicochemical characterization, the
moisture content (17.2%), ash content (18.4%), and bulk density (0.88 g
cm�3) suggested the development of unique characteristics of RHAC-
ZnO-NC over its base material, RHAC which is pure activated carbon.
The pH > pH(pzc) (6.63 > 5.10) depicts a negative surface that could be
suitable for cationic pollutant degradation or remediation. RHAC-ZnO
possesses a high specific surface area (615 m2 g-1), Iodine number
(660.4), average % Iodine (68%) and SBET (651.15 m2 g-1). XRD pattern
showed the crystallinity structure of RHAC-ZnO-NC with characteristic
peaks corresponding to wurtzite and zincite confirming the presence of
ZnO. Other elemental constituents show the presence of quartz, hopetite,
and granet. The functional group from the surface chemistry study was
revealed by FTIR which was supported and affirmed by the presence of
oxygen-bearing functional groups, a more acidic site than the basic site as
determined by Boehm analysis. SEM analysis revealed the presence of
irregular, rough, coarse surfaces with different cracks and crevices which
reveal the existence of well-developed pores. This study opined and
revealed that RHAC-ZnO-NC is a promising nanocomposite that would
find relevance in environmental remediation and industrial wastewater
treatment.
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