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ABSTRACT
In the present study, Zea mays tassel which is a zero-value agricultural waste was used to produce
a low-cost activated carbon using phosphoric acid as the activating agent. The prepared Z. mays
tassel activated carbon (ZMTAC) was characterized by Fourier transform infrared spectroscopy
(FTIR) and X-ray diffraction (XRD). The adsorbent was applied for adsorption of an emerging con-
taminant, metformin hydrochloride (MH) from pharmaceutical effluent. The effects of solution pH,
contact time, adsorbent dosage, and initial MH concentration and their interactions were investi-
gated using a response surface methodology following a central composite experimental design
(CCD). The optimum experimental conditions were as follows: pH 9.5, contact time 67.50min, dos-
age 0.5750 g, and MH concentration 152.50mg/L. The isotherm data followed Langmuir isotherm
model (R2 ¼ 0.979; sum of square deviation, SSD ¼ 0.321). The saturation adsorption capacity of
ZMTAC was 44.84mg/g at 20 �C. MH adsorption process followed pseudo-second-order kinetics
(higher R2 and smaller SSD values). The thermodynamic properties obtained showed that the
adsorption process was feasible, endothermic and spontaneous. Consequently, the study demon-
strated that Z. mays tassel is a potential precursor for preparation of adsorbents for the removal
of the MH from pharmaceutical effluent.
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Introduction

Pharmaceutical and Personal Care Products (PPCPs) are
becoming a major source of contaminants that are posing a
threat to humans, aquatic animals and the environment
(Niemuth and Klaper 2015; Fakhri and Behrouz 2015a,
2015b). This is due to their incomplete metabolism in
humans and their subsequent excretion as human waste
thus finding their way in water through discharge in waste
treatment plants (Fakhri and Khakpour 2015; Fakhri and
Nejad 2016; Briones and Sarmah 2018).

Of all the PPCPs researched on, anti-diabetic drugs have
received less attention. Current studies show that there is an
increase in diabetic patients worldwide; hence, there is a
need to determine their effects on release to the environ-
ment (Scheurer et al. 2012, 2009; Trautwein et al. 2014;
Kosma et al. 2015; Huang et al. 2016; Tisler and Zwiener
2018). Metformin is one of the most prescribed anti-diabetic
drugs for type 2 diabetes and is also considered as a poten-
tial drug for treatment of various cancers as well as endo-
crine disorders (Kosma et al. 2015; Bradley et al. 2016). It
acts by primarily inhibiting complex 1 of the electron cellu-
lar chain impacting cellular balance and also increasing the
cellular adenosine monophosphate: triphosphate ratio

(Huang et al. 2016; Zhu et al. 2017). This results in inhib-
ition of gluconeogenesis and activation of glycolysis and up-
regulating glucokinase and fatty acid oxidation and also
down regulating fatty acid synthase (Eggen et al. 2011).

Metformin (MET) is not metabolized by the human body
thus is excreted in urine and in feces contributing to its
high mass loads in wastewater treatment plants (WWTPs)
(Briones and Sarmah 2018). Due to its high aqueous mobil-
ity and low Kow, low molecular weight and high pKa, met-
formin persists in aqueous environments where it undergoes
biodegradation into guanylurea (GUA) which is also persist-
ent in aqueous environments (Briones and Sarmah 2018).
MET and GUA are emerging as the greatest micropollutants
due to their high prevalence in the soil and water environ-
ment (Bradley et al. 2016; Huang et al. 2016; Briones and
Sarmah 2018) and potential endocrine disrupting effects.
Metformin has been shown to be only biodegradable in the
presence of specific and suitable degraders (Niemuth and
Klaper 2015; Zhu et al. 2017). Metformin has been shown to
impact negatively the growth of carrots if present in the soils
in concentrations exceeding 10mg/kg (Eggen et al. 2011). It
is also reported to cause intersex gonads in male fish and
affect the size of the same when exposed to 40 mg/L of met-
formin (Niemuth and Klaper 2015). Its presence in these
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environmental bodies poses a health and environmental
threat to humans, animal, and plants. There is, therefore, a
need to find ways of reducing their effects to human health
and the ecosystem as a whole.

Of the conventional wastewater treatment methods,
reverse osmosis, ozonation, advanced oxidation, and nanofil-
tration are the most effective (Huang et al. 2016; Zhu et al.
2017). However, due to the differences in hydrophilicity of
PPCPs, some would require extra amount of energy which
is costly. The removal of PPCPs predominantly occurs
through degradation/transformation and adsorption (Briones
and Sarmah 2018; Leone et al. 2018). Adsorption has been
proved to be a suitable, efficient, and potential method due
to its low cost, sorbent regeneration, diversified adsorption
mechanisms, environmental benignity, and excellent adsorp-
tion performance. Various materials, raw or modified, have
been employed in adsorption of various contaminants.
These materials include ion exchange resins (Gupta et al.
2004), biochars (Tan et al. 2015, 2016, 2017; Bogusz et al.
2017; Yoon et al. 2017; Zhao et al. 2017), carbon nanotubes
(Pyrzy�nska and Bystrzejewski 2010; Yao et al. 2010; Ghaedi
et al. 2012; Ghaedi and Kokhdan 2012; Ren et al. 2013,
2011), organic resins (Lu et al. 2016), biopolymers (Guyo,
Matewere, Matina, Nharingo, et al. 2017a, Guyo, Matewere,
Matina, Nyamunda, et al. 2017b), and graphene oxide (Zhu
et al. 2017). Though these materials satisfactorily removed
contaminants from various water sources, it is prudent to
search for more low-cost higher performance materials.

Activated carbons (ACs) have been used widely in
adsorption processes to remove numerous organic and inor-
ganic contaminants from water bodies (Gu et al. 2009;
Gedam and Dongre 2016). AC has an amorphous structure
and is highly developed in pore size, pore volume and pore
structure making it a highly efficient adsorbent (Gedam and
Dongre 2016). In addition, AC also has numerous amounts
of heteroatoms such as hydrogen, nitrogen, oxygen, phos-
phorous, and sulfur that exist as atoms bonded to the func-
tional groups thus contributing to its unique adsorption
properties. This also allows for surface modification to
change its adsorption capacity and characteristics to suit a
particular application.

The use of agricultural wastes as a source of activated
carbon is becoming rampant as it helps in eradicating envir-
onmental pollution. Agricultural wastes are rich in cellulose,
biodegradable, and non-meltable polymeric materials which
are insoluble in most solvents due to hydrogen bonding and
crystallinity (Kumar 2008; Sud et al. 2008). They have a
number of functional groups which can bond either by
physical or chemical adsorption as well as being rich in car-
bon content. However, natural cellulose has lower adsorp-
tion capacity as compared to modified cellulose thus its
capacity can be enhanced to improve functionality and effi-
ciency (Kumar 2008; Sud et al. 2008; Kumar et al. 2011;
Oyelude and Appiah-takyi 2012) and also improve on sur-
face area and pore volume.

The independent variables which affect adsorption effi-
ciency, namely solution pH, adsorbent dosage concentration,
solution temperature, contact time, and pollutant

concentration, have been investigated and optimized using a
Response surface methodology (RSM). A RSM is a mathem-
atical statistical technique which optimizes the process and
evaluates the relationship between a set of independent vari-
ables for specific responses with a minimum number of
planned experiments (Fakhri et al. 2016). RSM evaluates the
relative significance of the various independent variables
in the presence of complex factor–factor interactions.
Furthermore, a response surface (a graphical representation)
is obtained which may describe the effects of the parameters
on the response variable.

In the present study, Zea mays tassel which is a rich source
of polymeric material and non-edible part of the Z. mays
plant was chosen as a source of carbon. The tassels have
desirable characteristics including binding functional groups
(Moyo et al. 2013); hence, they are good precursors in the
fabrication of novel adsorbents for remediation of pharma-
ceutical wastewaters. A RSM using a central composite design
was used to optimize the adsorption process of metformin
hydrochloride by Z. mays tassel derived adsorbent.

Materials and methods

Materials

All chemicals were used as received without further purifica-
tion: Sodium hydroxide (Rochelle Chemicals, 98%),
Phosphoric acid (ACE, 85%), Metformin Hydrochloride
(Sino-bright, 100.29%), Hydrochloric acid (Rochelle
Chemicals, 32%), and Distilled water (MSU laboratory).

Preparation of the Z. mays tassels

Zea mays tassels were outsourced from the City Council
fields located in Bulawayo, Zimbabwe. The tassels were
plucked off the main Z. mays plant, washed with 0.01M
HCl to remove any metals followed by distilled water, and
oven dried at 105 �C for 24 h to remove moisture. The dried
tassels were cut into small pieces, powdered in a grinding
mill, sieved through a 150–250mm mesh and stored in air-
tight containers to avoid moisture build-up. The resulting
sample was labeled ZMT.

Preparation of activated carbon

The activated carbon precursor, ZMT was initially carbon-
ized in a muffle furnace at 300 �C before impregnation with
85% phosphoric acid (H3PO4) at an impregnation ratio of
1:4 (w/w) for 24 h. The impregnated material was filtered on
a vacuum pump, dried at 105 �C for 12 h to get rid of mois-
ture. Carbonization and chemical activation of the impreg-
nated materials was carried out in a muffle furnace at
400 �C. The resultant activated material was allowed to cool
for 1 h before sequential washing with hot and cold distilled
water until the pH of the filtrate stabilized between 6 and 7.
The resultant product was oven dried at 105 �C for 24 h and
stored in an air-tight container prior to further use. The
material was designated as ZMTAC.
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Characterization of the adsorbent

The pH, loss of mass on ignition, moisture content, bulk
density, acidity, and basicity of ZMTAC were determined
using procedures reported elsewhere (Dada et al., 2013;
Nath et al., 2013). The Fourier transform infrared spectros-
copy (FTIR) spectra of ZMTAC were obtained using a
Thermofischer Scientific spectrometer (Nicolet 6700, USA)
in the scanning range 4000–400 cm�1. A Bruker D8
Advance X-ray diffractometer (Germany) using nickel fil-
tered Cu Ka radiation (40 kV, 40mA) was used for identifi-
cation of the structural phase.

Preparation of stock solution

A stock solution of 1000mg/L of metformin dihydrochloride
(MH) was prepared by dissolving approximately 1.00mg of
analytical grade MH in 100mL of distilled water. The used
concentrations were obtained by serial dilution of the
stock solution.

Batch adsorption studies

Solution pH was adjusted to the desired value by using
0.1M HCl and 0.1M NaOH solutions. Adsorption studies
were carried out by mixing appropriate amounts of adsorb-
ent with 20mL of metformin hydrochloride solution at a
specified concentration. The mixture was agitated at
130 rpm using a dissolution tester (Pharma Test, PTWSIIIE,
Germany) which has rotating paddles which aid interaction
between the adsorbent and metformin hydrochloride for a
specified time at room temperature. After agitation, the solid
matrix was separated from the rest of the solution by filtra-
tion using Whatmann number 42 filter paper. The super-
natant solution was analyzed for residual metformin
hydrochloride (MH) using a Shimadzu UV 1800 UV-Vis
spectrophotometer at 232 nm. The percentage removal (R)
of MH from aqueous solution was determined using
Equation (1):

R ¼ C0–Ceð Þ
C0

� 100%: (1)

The adsorption amount (qe) was calculated according to
the mass balance Equation (2):

qe ¼ C0 –Ceð ÞV
M

; (2)

where qe is the amount (mg/g) of MH adsorbed, C0 and Ce

are the MH concentrations (mg/L) in the solution initially
and after adsorption, respectively, V is the volume (L) of the
solution, and M is the mass (g) of ZMTAC used.

Experimental design

Batch adsorption studies were carried out following a central
composite design (CCD) in the experimental domain shown
in Table S1 (Supplementary data). Preliminary experiments
were conducted to establish the levels of the independent

variables shown in the experimental domain. Design Expert
11 trial version was used to optimize the process independ-
ent variables and evaluate their interactions (Mohammadi
et al. 2016). MH adsorption efficiency (qe) was taken as the
response output variable. The quadratic model for the met-
formin hydrochloride (MH) adsorption process was pro-
posed to be:

qe ¼ b0 þ b1Aþ b2Bþ b3C þ b4Dþ b5A
2 þ b6B

2

þ b7C
2 þ b8D

2 þ b9ABþ b10AC þ b11AD

þ b12BCþb13BDþ b14CD:

(3)

where qe is the adsorption capacity (mg/g), A is the pH, B is
the contact time (min), C is the dosage (g), and D is the ini-
tial concentration (mg/L).

Adsorption–desorption studies

Adsorption–desorption studies were carried out in order to
investigate on the potential to re-use the adsorbent.
Desorption studies were carried out at optimum conditions
after the optimization process was carried out for metformin
hydrochloride desorption. Two sample bottles were labeled
differently; a volume of 20mL with concentration of
152.5mg/L was placed in each sample bottle. The pH of the
solutions was adjusted to 9.5 and a mass of 0.575 g of
ZMTAC was added into each bottle. The bottles were agi-
tated at 130 rpm for 67.5min, and the samples were filtered
using gravity filtration then taken for UV-VIS analysis. The
adsorbent material was washed with 0.2M HCl as a desorb-
ing agent before it was thoroughly rinsed with distilled water
and air dried. The adsorption-desorption process was
repeated using the same adsorbent materials so as to obtain
the number of cycles the adsorbent can be re-used. The
obtained solutions were taken for UV-VIS analysis for deter-
mination of residual metformin hydrochloride.

Application on real effluent samples

The pharmaceutical effluent was sampled from a local
Pharmaceutical Manufacturing Industry in Zimbabwe. The
sample bottles were pretreated with detergent and thor-
oughly rinsed using distilled water. During sampling, it was
made sure that the bottles were full in order to avoid the
presence of air altering the sample chemically or biologically.
The samples were analyzed on UV-Vis before and after
adsorption of MH. The predetermined experimental condi-
tions were applied to the real effluent samples.

Determination of sum of square deviation (SSD)

The best fit between the models was assessed by the SSD
test which assumes that the model with the lowest SSD val-
ues best describes the sorption of MH onto ZMTAC.
Equation (4) was used to calculate the SSD values:

SSD ¼
X 

qt;e�qt;mð Þ
qt;e2

!
2
; (4)
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where qt,e and qt,m are the experimental adsorption capaci-
ties of MH in mg/g at time t, and the corresponding values
obtained from the kinetic models, respectively.

Results and discussion

Characterization of ZMTAC

Physicochemical characteristics
Table S2 (Supplementary data) shows the physicochemical
properties of ZMTAC such as bulk density, moisture con-
tent, pHZPC, surface area, ash content, and the Boehm’s
titration results. Small particle sizes (<180) means that the
adsorbent had a larger surface area exposed to the adsorbate
and hence enhanced removal of MH (Nharingo et al. 2015).
The total ash content was 3.78% showing that the adsorbent
was of high quality and hence could successfully remove
MH from water sources (Moyo et al. 2015). The moisture
content was significantly low (0.42%) showing that no dilu-
tion would be experienced during adsorption process. The
bulk density was 0.48 g/mL indicating that ZMTAC materi-
als had a large surface area for adsorption of MH. The
results of the Boehm titrations show that ZMTAC had more
acidic sites relative to basic sites implying that ZMTAC sur-
face maintained acidic characteristics. The surface acidic and
basic sites are responsible for adsorption of cationic and
anionic species from water sources, respectively. Elemental
composition analysis results (Supplementary data Table S2)
show a significant amount of oxygen in the adsorbent con-
firming the presence of acidic functional groups such as the
lactonic and carboxylic units on the surface of ZMTAC.

Fourier transform infrared (FTIR) spectroscopy
Figure 1a,b present the FT-IR spectra for ZMTAC before
and after adsorption, respectively. The spectra vibrations of
ZMTAC were analyzed before and after adsorption to deter-
mine the possible interactions between MH and the func-
tional groups. The results showed that the activated carbon
had different functional groups such as hydroxyl,
carboxyl, and amide. The peaks at 3410.200 and 3228 cm�1

are due to N–H and OH stretching vibrations of polymeric

compounds. Peaks at 1610.77 and 1400.86 cm�1 correspond
to C¼O stretching and N–H bending vibrations typical of
carboxylate moieties and carboxylic groups, respectively
(Moyo et al. 2015). The peaks observed at 2924.45 cm�1 and
2928.54 cm�1 are the stretching vibrations of C–H bands of
carboxylic acids. The additional small peak at 1103.61 cm�1

indicates presence of S¼O. A reduction, shift, or disappear-
ance of peaks after adsorption suggests that interactions
took place between the functional groups and the adsorbate.
A significant shift in peaks (3410.20–3449.06 cm�1; 1610.77–
1635.28 cm�1; 1400.86–1425.18 cm�1; 1103.61–1083.17 cm�1)
suggested that interactions occurred between the functional
groups and MH.

XRD analysis
Figure 1c presents the XRD pattern of activated carbon
derived from Z. mays tassels. The spectrum shows a con-
tinuous function with partially resolved peaks at 2h¼ 22.6
and 26.2 degrees, respectively, typical of an amorph-
ous material.

Metformin hydrochloride adsorption response
surface modeling

The experimental variables, experimental results, and pre-
dicted results obtained in MH adsorption following the 4-
factors CCD matrix are presented in Table 1.

A proposed non-transformed second-order polynomial
response equation (Equation (3)) which correlated depend-
ent and independent variables was fitted on the experimen-
tal data obtained for the adsorption process. From the
proposed Equation (3), insignificant terms (p> 0.05) were
eliminated through step-wise regression analysis using
Design Expert V11 and the regression results are presented
in Table 2. From Table 2, the model terms B, C, D, AB, AC,
BC, BD, B2, C2, and D2 were significant (p ˂ 0.05) (Fakhri
2014). The term, A, was retained in the model equation to
support hierarchy.

Based on the regression results, the final model equation
relating the response variable and the corresponding coded
values (Supplementary data Table S5) was obtained and is

Figure 1. FTIR spectra of Zea mays tassel activated carbon before adsorption (a) and Z. mays tassel activated carbon after adsorption (b); XRD spectrum of Z. mays
tassel activated (c).
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presented using Equation (5).

qe ¼ 1:22� 0:0150Aþ 0:3095B� 0:9148C þ 0:7399D

þ 0:2827B2 þ 0:3194C2 þ 0:1212D2 þ 0:1764AB

� 0:2218AC � 0:2841BC þ 0:2813BD

(5)

Analysis of Variance (ANOVA) results for the regression
process were used to evaluate the adequacy and significance
of the quadratic model. A low p-value of less than 0.0001
and high F-value of 59.59 showed that the model was very
significant (Montgomery et al. 2012; Cameron and Trivedi
2013). A higher regression model coefficient of

determination (R2 ¼ 0.9791) further supports significance of
the model as 97.91% variation in the observed data could be
explained by the model. Furthermore, a small difference
between adjusted R2 and predicted R2 (Supplementary data
Table S6) of 0.0629 (<0.2) is further evidence supporting
the significance of the model (Roosta et al. 2014). To further
verify the adequacy of the model, a Lack of Fit test for the
model which represents variance between the data and the
fitted model was conducted. If the model does not suffi-
ciently fit the data, then the Lack of Fit p-value will be less
than 0.05. Based on the ANOVA results, the Lack of Fit p-
value obtained for this model was 0.1601 (Table 2) which is
greater 0.05 showing that is was insignificant and hence the
model was capable of interpreting the adsorption data. To
add to this, an adequate precision (measures the signal-to-
noise ratio) greater than 4 is desirable. In this analysis, an
adequate precision of 31.9490 (Table S6) was obtained show-
ing an adequate signal.

The model was also evaluated graphically for its adequacy
and validity. Normal probability plot was used to check for
normality of data from the quadratic model. From Figure
S3a (Supplementary data), it can be seen that the residuals
lie along the oblique straight line with no apparent pattern
showing that the data was normally distributed. Figure S3b
(Supplementary data) shows a plot of standard residuals ver-
sus the predicted response. For a valid model, the residuals
should be randomly scattered around the zero line showing
that the data is not reflecting an abnormal behavior as pre-
sented in Figure S3b (Supplementary data). Again from
Figure S3b (Supplementary data), it can be seen that there
are no outliers (residuals outside the red lines). Figure S3c
(Supplementary data) shows a plot of experimental data ver-
sus predicted data. There should be a strong agreement
between these as evidenced by the data points falling on or
being close to the oblique line. This shows that the model
best represented the experimental data.

Effects of variables as response surface plots

To investigate the influence of the independent variables
(pH, adsorbent dosage, contact time, and MH concentra-
tion) on adsorption of MH onto ZMTAC, the three dimen-
sional surface plot are presented in Figure 2. Figure 2a
presents the combined influence of solute pH and contact
time on adsorption capacity, qe. From Figure 2a, it is appar-
ent that pH has no significant effect on adsorption capacity,
qe, though it has a small negative effect. This means that an
increase in pH results in a slight decrease in adsorption cap-
acity attributed to the changes in surface functionalities on
the adsorbent and MH as a result of variances in pH. An
increase in contact time increased qe due to the elongated
time of interaction between the metformin hydrochloride
ions and the adsorbent active sites. Figure 2b illustrates the
combined influence of solute pH and dosage on qe. Again,
pH profile shows no apparent influence on qe as explained
earlier on. An increase in adsorbent dosage is shown to
decrease qe. This may be perhaps due to overlap of adsorp-
tion sites as the adsorbent concentration is increased.

Table 1 Experimental variables and results for MH adsorption using ZMTAC.

Factor 2 Factor 3 Factor 4 Response
Factor 1 Contact time Dosage Concentration qe

Run pH (min) (g) (mg/L) (mg/g)

1 7 125 1.05 105 1.4304
2 9.5 67.5 0.575 57.5 1.92
3 7 125 1.05 10 0.0895
4 9.5 182.5 0.575 57.5 1.8469
5 4.5 182.5 0.575 152.5 4.1043
6 4.5 67.5 1.525 57.5 0.7275
7 4.5 67.5 0.575 152.5 4.8838
8 7 125 1.05 105 1.1657
9 9.5 182.5 1.525 152.5 1.8715
10 4.5 182.5 1.525 152.5 1.9554
11 9.5 182.5 0.575 152.5 5.1009
12 4.5 67.5 0.575 57.5 1.8129
13 7 125 1.05 105 1.1836
14 7 125 0.1 105 9.984
15 7 125 1.05 105 0.9809
16 4.5 182.5 0.575 57.5 1.7997
17 12 125 1.05 105 0.8891
18 4.5 67.5 1.525 152.5 1.9321
19 9.5 67.5 1.525 57.5 0.4553
20 2 125 1.05 105 1.4242
21 9.5 67.5 0.575 152.5 2.704
22 7 10 1.05 105 1.6756
23 9.5 67.5 1.525 152.5 1.0331
24 4.5 182.5 1.525 57.5 0.3142
25 7 125 2 105 0.6118
26 7 240 1.05 105 0.3659
27 7 125 1.05 200 3.268
28 9.5 182.5 1.525 57.5 0.15
29 7 125 1.05 105 1.3259
30 7 125 1.05 105 1.3318

Table 2. ANOVA for response surface reduced quadratic model for MH
using MTAC.

Source
Sum of
squares

Mean
square F-value p-Value

Model 33.18 3.02 59.59 <0.0001 Significant
A-pH 0.0046 0.0046 0.0907 0.7678
B-Contact time 1.30 1.30 25.71 0.0002
C-Dosage 11.00 11.00 217.34 <0.0001
D-Concentration 11.15 11.15 220.15 <0.0001
AB 0.3996 0.3996 7.89 0.0139
AC 0.6203 0.6203 12.25 0.0035
BC 1.02 1.02 20.11 0.0005
BD 1.02 1.02 20.06 0.0005
B2 1.15 1.15 22.78 0.0003
C2 1.39 1.39 27.50 0.0001
D2 0.3970 0.3970 7.84 0.0142
Residual 0.7088 0.0506
Lack of fit 0.5810 0.0646 2.53 0.1601 Not significant
Pure error 0.1278 0.0256
Cor total 33.89
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Figure 2c illustrates the interactive effect of contact time and
adsorbent dosage on qe. From Figure 2c, it is clear that
increasing both contact time and dosage results in a
decrease in qe. Figure 2d shows that increasing MH concen-
tration and contact time increases adsorption capacity.

Optimization of MH adsorption process

Numerical optimization of the adsorption process was con-
ducted using the desirability function on the Design Expert
software. The criterion used was such that pH be in the
range 4.5–9.5, contact time be minimum, dosage be min-
imum, and MH concentration be maximum. The optimum
experimental conditions were determined to be pH 9.5, con-
tact time (67.50min), dosage (0.5750 g), and MH concentra-
tion (152.50mg/L).

Adsorption kinetics

The mechanism of the adsorption process was determined
using the pseudo-first-order (Lagergren 1898) and pseudo-
second-order (Ho and McKay 1999) models.

The kinetic models (Supplementary data Figure S5) were
expressed in linear forms as shown in Equations (6) and (7):

Pseudo� first� order : log qe � qtð Þ ¼ logqe –
t: k1
2:3

(6)

Pseudo� second� order :
t
qt

¼ t
qe

þ 1
k2 qeð Þ2 ; (7)

where, qe and qt are the amount of MH adsorbed (mg/g)
onto ZMTAC at equilibrium and at any time t, respectively,
t is the time (min) and k1 (min�1) and k2 (g/mg/min) are
the equilibrium rate constants of pseudo-first-order and
pseudo-seconds order models, respectively.

The pseudo-second-order kinetic model had a correlation
coefficient of 0.996 as compared to 0.949 for the pseudo-
second order model (Supplementary data Table S7). This
evidence together with lower SSE value (0.0412 for second
order versus 0.896 for first order) and better agreement
between qe,cal value (0.925mg/g for second order versus
3.023mg/g for first order) and qe,exp value (1.03mg/g) sup-
ports the suitability of the pseudo-second-order model to

Figure 2. 3D surface plot for the combined effect of pH and contact time (a), contact time and dosage (b), pH and dosage (c), and contact time and concentration (d)
on Cd(II) adsorption efficiency.
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the adsorption of MH. The adsorption of MH onto ZMTAC
was hence concentration depended and the rate determining
step involved chemical adsorption.

Adsorption isotherms

Freundlich (1906) and the Langmuir (1916) adsorption iso-
therms were used to interpret the by varying experimental
data. The models are represented in linear forms as follows:

Langmuir isotherm :
1
qe

¼ 1
qmax

þ 1
bqmax

� �
1
Ce

(8)

Freundlich isotherm : lnqe ¼ ln KF þ 1
n

ln Ce; (9)

where qe is the amount of MH adsorbed at equilibrium, qm
is the maximum adsorption capacity (mg/g), Ce (mg/L) is
the equilibrium concentration, and KL is the Langmuir sorp-
tion constant (L/mg) related with the free energy of sorp-
tion, KF (mg/g) and n are constants representing the
adsorption capacity and intensity of adsorption, respectively.

The linear model plots are presented in Figure S6
(Supplementary data). The coefficients of determination
(0.979 for Langmuir model versus 0.943 for Freundlich
model) together with the sum of square errors (0.321 for
Langmuir model versus 2.987 for Freundlich model) show
that the Langmuir model sufficiently described the relation-
ship between qe and Ce. The summary of the models param-
eters is presented in Table S8 (Supplementary data).

Adsorption thermodynamics

The thermodynamic nature of the adsorption process was
determined by carrying out experimental adsorption tem-
perature whilst maintaining the other independent variables
constant. This was followed by estimating thermodynamic
parameters such as standard Gibb’s free energy change
(DGo), the entropy change (DSo) and the enthalpy change
(DHo) from Equations (10) to (13):

DGo ¼ �RTlnKd (10)

Kd ¼ qe
Ce

(11)

DGo ¼ DHo � TDSo (12)

lnKd ¼ DSo

R
� DHo

RT
; (13)

where R is the ideal gas constant, T is the temperature in K,
and Kd is the thermodynamic equilibrium constant. The par-
ameter, qe is the amount of MH adsorbed at equilibrium in
mg/L, and Ce is the equilibrium concentration of MH in
solution. The standard Gibbs free energy change (DGo) val-
ues (Supplementary data Table S9) were found to be �5.79,
�6.09, and �6.68 kJ/mol at 298.15, 308.15, and 328.15K,
respectively, providing evidence for the feasibility and spon-
taneity of the adsorption process. The adsorption process

was also endothermic reflecting randomness at the solid/
solution interface as evidenced by the positive DHo

(þ3.096 kJ/mol) and DSo (þ0.0298 kJ/mol). The low DHo

value and the less negative DGo values are characteristic of a
physical adsorption process.

Adsorption–desorption studies

Repeated adsorption–desorption studies were conducted to
investigate regeneration and reusability of ZMTAC loaded
with MH. Even after 6 adsorption–desorption cycles, 81.5%
(Supplementary data Figure S7) of MH could still be
removed from synthetic MH aqueous solutions. This is evi-
dent that ZMTAC can be reused several times in remedi-
ation of MH contaminated waters.

Application on real effluent samples

ZMTAC was evaluated for its practical applicability on
remediation of wastewaters. Real pharmaceutical effluent
sample was collected from a local Pharmaceutical
Manufacturing Company. The effluent sample was analyzed
for the presence and concentration levels of MH prior to an
adsorption process using the optimized experimental condi-
tions. A removal efficiency of 94.19% was recorded showing
that ZMTAC is a potential candidate for remediation of MH
contaminated waters.

Conclusions

The study explored the use of ZMTAC as a potential
adsorbent in the removal of metformin hydrochloride from
wastewaters. The effects of pH, contact time, adsorbent dos-
age, and initial concentration on MH adsorption were inves-
tigated using a response surface methodology (RSM). These
independent variables were optimized numerically using the
desirability function and the optimum experimental condi-
tions were determined to be pH 9.5, contact time
(67.70min), dosage (0.5750 g), and MH concentration
(152.50mg/L). The kinetic and isotherm behaviors of the
adsorption process were best by pseudo-second-order model
and Langmuir model, respectively. The adsorption process
was spontaneous and endothermic as confirmed by the
thermodynamic studies. MZTAC showed excellent adsorp-
tion capacity after several adsorption–desorption cycles
implying that it can be regenerated. Physical and chemical
interactions between the adsorbent and MH were both
shown to be present. The present study demonstrated that
ZMTAC could be an efficient adsorbent for MH as evi-
denced by a 94% MH removal from real life efflu-
ent samples.
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