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a b s t r a c t

Al Kharga Oasis is a rural area and depends on agricultural activities and date palm cultivation in 
particular. In Al Kharga, the only source for all water activities is the groundwater that shows an 
abnormal concentration of iron ions. In this study, four parts of palm wastes: palm coir, palm leaf-
lets, date empty bunches, and date stone were used to prepare biochars in a green approach. Palm 
biochars were used to remove elevated iron content from groundwater in column modes to explore 
the most effective part. The prepared palm coir biochar exhibited excellent affinity towards iron 
ions due to its high surface area, 702 m2/g, and loading capacity, 7.71 mg/g. The spent iron-loaded 
palm coir biochar was used then to remove phosphate ions from water. The loading capacity of for 
phosphate uptake was found to be 6.4 mg/g. Iron adsorption could be controlled by many processes 
because the correlation coefficient values of Langmuir, Freundlich and Temkin isotherms were close 
to one another. The Freundlich model was observed to be the best fit among other models for phos-
phate removal. The pseudo-second-order model has been observed to simulate iron and phosphate 
adsorption processes. The reusability and adsorption mechanisms of iron and phosphate adsorption 
by palm biochar have been discussed. The study revealed that palm waste biochar could be used as 
a practical and low-cost adsorbent for the removal of iron and phosphate ions because of their easy 
regeneration and high adsorption capacity.
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1. Introduction

Iron and phosphate are commonly found in surface 
water. According to Egyptian standards for drinking water, 
iron content should not exceed the maximum level of 
0.3 mg/L while phosphate ions should not exist in drink-
ing water. The presence of iron in drinking water at ele-
vated concentrations can cause health problems [1]. The 
occurrence of phosphate in drinking water considered as 
an indication for water pollution. Therefore, excess iron 
and phosphate need to be removed from drinking water. 
Iron removal from water is most commonly carried out by 
ion exchange and water softening [2], supercritical fluid 
extraction [3], limestone treatment [4], oxidation by aera-
tion, ozonation, chlorination, followed by filtration [5] by 

aerated granular filter [6] and by adsorption [7]. Aeration 
is the most common method for iron removal from ground-
water, which is however not so popular at domestic level 
[8]. Regarding phosphate removal, various techniques have 
been employed, including constructed wetlands [9] and 
biological nutrient removal methods [10].

Safe drinking water must be available to all commu-
nities, rural and urban areas, worldwide. Unfortunately, 
water infrastructure is poorly developed in many rural 
areas located in Egypt, or non-existent. Al Kharga Oasis has 
one of the oldest and longest continuous records of ground-
water using by a human being in the world [11]. Al Kharga 
Oasis; one of the largest oases in Africa; is the capital of the 
New Valley Governorate and includes the western desert of 
Egypt. The only source for all water activities is the ground-
water that extracted from the Nubian sandstone aquifer. The 
non-renewable Nubian Sandstone Aquifer System extends 
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under the New Valley area and is shared among Egypt, 
Sudan, Libya, and Chad. The aquifer covers a total area of 
about 630,000 km2 and reaches to a depth of 3.5 km below 
the surface in some areas [12]. The recharge of the Nubian 
sandstone aquifer is thought to be negligible [13]. Although 
the aquifer is a huge water resource, the groundwater level 
in Al Kharga has been severely decreased and the aquifer 
is deeply vulnerable to deterioration due to recent agri-
cultural and industrial activities development [14]. The 
over-exploitation of aquifer groundwater recorded a large 
drop in groundwater heads reached from 70 to 80 m as the 
rate of groundwater extraction exceeds the average rate of 
aquifer recharge. The water quality of the aquifer shows 
abnormal concentration for iron ions. Iron content reaches 
to 10 mg/L in some wells [15]. As a result of such very high 
iron content, rust-colored deposits and a brown slime pro-
duced and build upon good screens, pipes, and plumbing 
fixtures. Although iron is an important element for a vari-
ous biological process in human and all living organisms, 
elevated concentration of iron cause severe health issues. 
Because of its limited capacity to excrete, it accumulates in 
organs like the liver, heart, and pancreas causing damage to 
such tissues. Due to the vigorous oxidizing nature of iron, 
serious health issues such as liver cancer, diabetes, cirrho-
sis, cardiac arrhythmias, Alzheimer’s disease, bacterial and 
viral infections, is occurring when the iron content is higher 
than 0.3 mg/L (as set by international and Egyptian stan-
dards for drinking water). 

Another issue on the top of environmental problems 
in Al Kharga oasis is the solid waste accumulation due to 
palm trimming. In Al Kharga, there are about 62459 palm 
trees that generate total solid wastes of about 36147 tons 
annually [16]. Trimming of palm trees is an important pro-
cess to increase fruit production. Accumulation of wastes 
generated from the trimming of palm trees causes a seri-
ous environmental issue with this waste material acting 
as potential fuel for any fires that might occur and as bait 
for disease-causing insects [17]. Attempts of people to dis-
pose of the palm trimming wastes by burning at their loca-
tions, without following the safe methods and precautions 
required in these cases lead to many severe environmental 
issues. Thus, there is an urgent need to find a suitable solu-
tion to avoid environmental issues and utilize these solid 
wastes as value-added materials. 

Date palm (Phoenix dactylifera L.) is one of the most 
important non-wood renewable resources that are ligno-
cellulosic material. An adult date palm tree (Fig. 1) has a 
stem or a trunk of 15–25 m high and leaves or frond. Each 
frond has about 150 leaflets which can be up to 30 cm in 
length and 2 cm in breadth. Leaves look like feathers with 
3–5 m long. Each palm tree bears 6–10 fruit bunches and 
12–15 new leaves are formed and trimmed, under normal 
conditions, annually. Using renewable, low-cost and locally 
abundant lignocellulosic materials in the removal of pollut-
ants get great attention [18]. Palm wastes can be considered 
as one of the best candidates for the removal of pollutants 
due to its high carbon content and availability [19]. 

One of the challenges in the production of low-cost bio-
char is prepared with a large surface area. The main objec-
tive of this study is: (a) transforming the palm trimming 
wastes to value-added product; biochar; that is prepared 
in a green approach, (b) characterization of the produced 

biochars, (c) application of the prepared material to remove 
elevated iron concentration from drinking water samples in 
Al Kharga, (d) explore the most effective part of the palm 
tree to remove iron in fixed bed technique, (e) using of spent 
iron-loaded biochar in the removal of phosphate from natu-
ral water and (f) regeneration of the exhausted biochar beds 
to evaluate iron and phosphate recycling efficiency.

2. Methods and materials

2.1. Location map, sampling, and preservations

Al Kharga is situated in the tropical, arid climate zone 
and is considered as one of the driest areas on Earth [20]. 
Economically, Al Kharga depends mainly on agricultural 
activities and date palm cultivation in particular. Seven 
drinking water samples were collected from tap water in 
houses and named as A, B, C, D, E, F, and G. Fig. 2a shows 
a location map of the study area and sites of drinking 
water samples which cover a distance of about 8.94 Km2. 
The sampling and preservations performed as recognized 
for drinking water sampling and preservations standards 
in the Standard Methods for the Examination of Water and 
Wastewater [21]. The physicochemical characteristics of col-
lected drinking water samples, such as pH, dissolved oxy-
gen (DO), electrical conductivity (EC), total dissolved solids 
(TDS), total alkalinity and total hardness, were determined. 
For dissolved iron determination, the samples were filtered 
through a 0.45 μm membrane filter at the time of sampling. 
Then, the samples were stored in polyethylene bottles at 
4ºC to avoid iron biodegradation until the time of adsorp-
tion studies. 

2.2. Biochars preparation and characterization

Samples from different parts of a date palm namely 
palm coir (PC), palm leaflets (PL), date empty bunches 
(DB) and date stone (DS) were collected from the Fac-
ulty of Education garden site (Lat. 25.442804, Long. 

Fig. 1. Parts of date palm tree.



D.Z. Husein / Desalination and Water Treatment 165 (2019) 253–268 255

30.542808), Al Kharga. Collected raw materials were cut 
into small pieces, oven dried and ground using a home 
mixer. The powder is screened to have a particle size less 
than 125 μm. Five grams of raw date palm powder was 
covered with deionized water and subjected to micro-
wave (domestic microwave oven, Samsung, 2450 MHz, 
800 W) radiation for 2 min. This step is important to 
remove soluble hemicelluloses and lignin via thermal 
pretreatment [22]. After cooling, the residue is filtered, 
dried at 65ºC then subjected again to microwave radia-
tion under minimal oxygen to carbonize to biochar. The 
required time for carbonization depends on the part of 
the palm tree. PC, PL, DB, and DS take about 2, 3, 4.5 and 
8 min, respectively, to be in carbonized form, PCC, PLC, 
DBC, and DSC. 

The prepared palm biochars were characterized using 
different techniques. Carbon, hydrogen, and nitrogen 
contents were performed in obtaining powder using a 
CHN Elemental Analyzer (2400 Series II, Perkin Elmer, 
USA) while the oxygen content of the samples was calcu-
lated by difference. FTIR analysis was performed using 
(Jasco FTIR 310, Japan) to analyze the functional groups 
of palm residues with the KBr disk technique. The sur-
face area and pore volume of biochars were measured by 
nitrogen adsorption/desorption at 77 K using the BET 
method (ASAP 2000, Micromeriticsue, USA). For drink-
ing water samples, pH, conductivity, TDS and DO were 
measured using a multi-parameter device (Inolab multi-
level WTW, Germany). Total hardness and alkalinity 
were measured using the burette titration method. Iron 
concentration was measured using flame atomic absorp-
tion spectrometer (Perkin Elmer-100). The phosphate 
concentrations in the output solution were measured by 
IC- Dionex 2500.

The exhausted bed, PCC, used in iron-synthetic solu-
tion experiment was collected and washed with deionized 
water to remove excess iron ions. Then the iron-loaded bio-
char, Fe-PCC, was dried at 85°C for 6 h prior to using in the 
phosphate removal process. The morphology of the PCC 
and Fe-PCC were taken using a JEOL JSM 6360 LV electron 
Microscope while the X-ray diffraction (XRD) pattern of 
Fe-PCC was performed using a Phillips; PW 1710 Diffrac-
tometer with CuKα radiation of wavelength 1.5418 A0.

2.3. Adsorption studies

2.3.1. Iron removal from drinking water and regeneration

Continuous adsorption studies were carried out in a 
glass column provided with a porous glass plate with an 
inner diameter of 1.2 cm and a height of 10 cm, Fig. 2b. The 
column was filled carefully with date palm biochar between 
two supporting layers of gravel (about 3 cm).The bed depth 
of palm biochar was 4 cm (1.8 g). The drinking water of the 
highest iron content, sample A, was pumped using a per-
istaltic pump (Watson Marlow make) upward. The efflu-
ent was collected at regular intervals for analysis from the 
top of the column. The synthetic solution was prepared 
by loading the deionized water with iron (FeCl3) content 
as detected in the drinking water sample. The feed influ-
ent flow rate was maintained at a constant value through 
the column (Q = 3 mL/min). The iron content of the out-
put solution was measured at selected time intervals. The 
pumping was continued till there was no further adsorp-
tion, i.e., the iron concentration at the influent and effluent 
remained unchanged. A regeneration cycle was performed 
with a 4% HCl solution after each adsorption cycle service 
(3 cycles in total). The exhausted bed was charged using 4% 
HCl solution with the same upstream flow rate until the 
iron concentration in the effluent reached 0.1%.

The adsorption kinetics and isotherms experiments 
were performed in batch mode and were performed by 
mixing 0.1 g of PCC biochar with 20 mL of iron solution 
(10–75 mg/L). The sorption mixture was agitated (150 rpm) 
till equilibrium at room temperature. 

2.4.2. Phosphate removal and regeneration

The removal of phosphate in fixed bed mode was per-
formed under the same operational conditions as carried 
out in iron removal experiments. The phosphate content in 
drinking water was detected only in sample G with phos-
phate concentration of 0.42 mg/L. Thus water sample in 
site G was chosen to explore the applicability of iron-loaded 
biochar to treat real water. The phosphate-containing model 
solution was prepared by loading the deionized water with 
the same phosphate (KH2PO4) concentration of the surface 
water sample. The bed depth and flow rate for phosphate 
removal experiments kept fixed as performed in the case 
of iron removal. Regeneration of biochar was performed 
by using a 4% NaOH solution with the same upstream 
flow rate until the phosphate concentration in the effluent 
reached 0.1%. 

In batch mode, the kinetics and isotherms experiments 
were performed by mixing 0.1 g of iron-loaded PCC biochar 
with 20 mL of phosphate solution (10–40 mg/L) at different 

Fig. 2. Location map of study area (a) and scheme of the fixed 
bed column adsorption system (b).
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time intervals. The sorption mixture was shaken at a speed 
of 150 rpm and the equilibrium time was 6 h.

3. Results and discussion

3.1.  Characterization of biochars (Elemental, FTIR and BET 
analyses )

The determined C, H, N, and O (by difference) are 
recorded in Table 1. For raw palm residues, the carbon 
content is ranged from 47.33% to 45.99%, while the car-
bon content increase to a range of 67.46–65.04 % after 
carbonization. This phenomenon is attributed to the vol-
atilization of both H and O atoms from the raw carbon 
matrix during the carbonization process which results in 
presence of new pores and increases surface area and pore 
volume. Date palm wastes were characterized by higher 
ash percentage [23]. Palm leaflets recorded the highest 
ash content of 8.01% and the lowest carbon content of 
45.99%. Palm coir, have the highest carbon percentage of 
47.33%, Tables 1 and 2. The results showed that the highest 
yield was recorded for PCC, while the lowest value was 
recorded for PLC. Surface area, total pore volume, micro 
pore volume and average pore diameter of biochars are 
presented in Table 2. The four carbonized samples show 
high proportion of micro pore volume (about 90% of total 
pore volume) which means that carbonized palm residues, 
PCC, PLC, DBC, and DSC have wide micro pores and 
small mesopores.

FTIR spectra, Fig. 3, of the raw palm wastes showed 
three main absorption bands at 1700, 1600 and 1425 cm–1 
which attributed to the stretching modes of C=O, conju-
gated C=C and the stretching vibrations of C-C bonds, 
respectively. Reduction or disappearance of such bands in 
PCC, PLC, DBC and BSC spectra is evident for carboniza-
tion. For raw palm materials, the stretching modes of C=O 
bonds can be seen around 1090 cm−1. The appeared aliphatic 
C-H bond at 2900 cm–1 suggests the presence of hemicel-
lulose and cellulose, which are reduced in biochars, PCC, 
PLC, DBC, and DSC. Such a decrease in the aliphatic C-H 
band suggests an increasing of aromatization and decreas-
ing of nonpolar aliphatic fractions. The absorption band at 
1600 cm–1 in raw materials attributed to C=O of ketons and 
carboxyl or C=C aromatic components weakened in bio-
chars because C=O was easy to rupture to form gas prod-
ucts. The peak appeared at 3400 cm–1, may correspond to 
the stretching of the O-H functional group and this indi-
cates the presence of bonded hydroxide in the raw samples. 
The reduction of such beak upon carbonization suggests a 
loss of OH-containing aliphatic compounds. As shown by 
the FTIR spectra, the carbonization process modifies the 
oxygenated functional groups of palm wastes due to the 
loss of carboxyl, ether and phenolic groups, whereas more 
π-conjugated aromatic structures were formed. 

3.2.  Physicochemical characterization of drinking water in the 
study area

It is essential to measure physio-chemical parameters 
such as pH, conductivity, TDS, total alkalinity, total hard-
ness and dissolved oxygen to give an idea about the water 
quality. All results were presented by Surfer 8 program. 

3.2.1. pH and dissolved oxygen (DO)

Generally, low pH values raise the corrosive nature of 
water and there is a positive correlation with conductiv-
ity and total alkalinity. Most of the biological and chemi-
cal reactions in the human body are influenced by the pH 
of water system. For investigated samples, the pH values 
varied from 7.15 to 7.37, Fig. 4a, and found within the lim-

Table 1 
Elemental analysis of raw waste and biochars of palm residues 
(Oxygen was estimated by difference)

Sample C% H% N% O%

PC 47.33 6.06 0.3 46.31

PCC 67.46 2.94 1.42 28.18

PL 45.99 6.04 0.72 47.25

PLC 65.63 3.14 1.85 29.38

DB 46.03 6.85 0.26 46.86

DBC 65.04 3.97 0.61 30.38

DS 47.12 6.49 1.18 45.21

DSC 67.38 3.15 2.38 27.09

Table 2 
BET surface area, total pore and micro pore volume, ash and 
yield of prepared biochars

Biochar BET 
surface 
area 
(m2/g)

Total 
pore 
volume 
(cm3/g)

Micro 
pore 
volume 
(cm3/g)

Average 
pore 
size (A°)

Ash Yield 
%

PCC 702 0.34 0.31 19.37 2.63 39.31

PLC 612 0.29 0.26 18.95 8.51 36.84

DBC 644 0.32 0.29 19.88 2.06 37.73

DSC 679 0.33 0.3 19.44 2.24 38.84
Fig. 3. FT-IR analysis of palm tree residues, before and after car-
bonization.
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Fig. 4. Distributions of pH (a), DO (b), conductivity (c), TDS (d), total alkalinity (e), total hardness (f) and iron (g) in study area and 
pH-iron content relation (h).
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its prescribed by WHO and Egyptian standards [24] as 
pH from 6.5 to 8.5 is considered satisfactory for drinking 
water. Dissolved oxygen (DO) is one of the most important 
parameters as its value gives direct and indirect informa-
tion about water quality e.g. bacterial activity, photosyn-
thesis and availability of nutrients [25]. DO value of 5 
mg/L is set by WHO as the ideal standard. Sampling sites 
show DO values between 4.19 and 4.79 mg/L. The north 
area has high DO values, i.e., less polluted area (Fig. 4b). 
The higher value of DO can improve the taste of drinking 
water to be good [26].

3.2.2.  Electrical conductivity (EC) and total dissolved solids 
(TDS)

Electrical conductivity (EC) is the measure of water 
capacity to conduct electric current and this capacity 
depends on the ionic mobility, temperature, and concentra-
tion of ions. Thus it signifies the amount of total dissolved 
salts or solids of water. The electrical conductivity of all 
the seven places is not in the allowable limits prescribed 
by WHO (300 μs/cm), Fig. 4c. TDS indicates the salinity 
behavior of groundwater and it is related to inorganic and 
organic substances in water. Drinking water containing 
more than 500 mg/L of TDS is not considered desirable as 
set by WHO. The most desirable limit of TDS is 500 mg/L 
and the maximum permissible limit is 1200 mg/L as pre-
scribed by Egyptian standards. Higher concentration of 
TDS may cause gastrointestinal irritation to human and 
animals. The prolonged use of such drinking water may 
result in heart attack and formation of kidney stones. The 
TDS values ranged from 308 to 494 mg/L, i.e., all samples 
recorded acceptable TDS values, Fig. 4d. For both EC and 
TDS, southern part of studied area showed the highest val-
ues. As recorded in literature [27], the water quality of stud-
ied area belongs to fresh water with good water quality (as 
TDS < 1000 mg/L and 250 < EC < 750 mg/L).

3.2.3. Total alkalinity (TA) and total hardness (TH)

Alkalinity, hardness, and pH affect the toxicity of many 
water contents. Alkalinity primarily composed of carbon-
ate and bicarbonate and has an important role in stabiliz-
ing the pH value of water. The desirable alkalinity value is 
prescribed as 200 mg/L by WHO for drinking water while 
the maximum permissible limit is 600 mg/L. For ground-
water samples collected from the study area, water alkalin-
ity was within the accepted level of WHO samples. Highest 
alkalinity value was recorded for the east-southern part of 
the studied area as indicated in Fig. 4e. The total hardness 
is an important parameter for evaluation of water quality. 
TH increases the boiling point of water and conveys if the 
water can be used for domestic, industrial or agricultural 
purposes as it prevents the lather formation with soap. 
The maximum permissible limit of total hardness set by 
WHO for drinking purposes is 600 mg/L. However, total 
hardness more than 300 mg/L may cause heart and kidney 
problems. As shown in Fig. 4f, the total hardness in samples 
under investigation ranged from 206 to 246 mg/L. The total 
hardness values of all seven water samples are within the 
permissible limit. It is clear that the distribution of TH and 
TA has the same trend as the eastern southern part showed 

the highest values. Depend on the total hardness value, the 
water quality of the study area can be classified as hard 
water (200 < TH < 300).

3.2.4. Iron content

As illustrated in Fig. 4g, the distribution of iron concen-
tration shows a gradual increase toward the southeastern 
part of the area under investigation. All samples, except 
sample B, exceed the permissible limit. Such high iron 
concentration reflects dissolution and active leaching of 
iron-bearing deposits rich in aquifer materials. 

There is a relation between pH value and iron concentra-
tion as solubility and availability of iron in water increases 
as pH value decreases. Fig. 4h shows the relation between 
the pH value and iron content. It is obvious that the iron 
content in groundwater samples increases with decreasing 
its pH values. For groundwater samples, the pH values 
range from 7.15 to 7.37 which are suitable for the growing 
of iron bacteria. Such bacteria oxidize soluble ferrous iron 
to insoluble ferric iron which considered the main source 
for well screens and filters clogging. Iron bacteria combine 
dissolved iron with oxygen to form rust-colored deposits 
and produce a brown slime. Iron bacteria in groundwater 
wells do not cause health problems, but they can reduce the 
yields of wells by clogging screens, filters, and pipes.

As seen in Fig.4, the southern part of the location 
area showed high contents of TDS, total alkalinity, total 
hardness and iron in drinking groundwater samples. 
Accordingly, the water quality of A and G samples are 
low compared to other samples. Such significant variabil-
ity in the physicochemical composition of drinking water 
samples can be attributed to many factors such as water 
hydraulic condi tions in the network, pipes material, scales 
in pipes, pipes age and network structure. The increase in 
iron concentration at the study area may indicate corro-
sion of pipelines. 

3.3.  Iron removal using different date palm biochars in fixed bed 
mode

The loading behavior of iron onto date palm biochars 
was shown by analyzing the effluent concentration vs. time 
or volume curves, i.e., breakthrough curves. The break-
through curve is usually expressed as the measured con-
centration divided by the inlet concentration (Ct/C0 ) as a 
function of time (t) or volume of effluent (Veff) for a given 
bed depth (Z). The breakthrough time (tb) whereas the iron 
concentration in the influent reached 10%. The bed exhaus-
tion time (te) whereas the iron concentration in the effluent 
reached 98 % of the initial iron concentration, was used to 
express the parameters. The effluent volume, Veff (mL), can 
be calculated as given below [28]:

 eff totalV Q t= ⋅  (1)

where Q is the influent flow rate (mL/min) and ttotal is the 
total flow time (min). The value of the total iron mass that 
adsorbed by palm biochar, qtotal (mg), in the column can be 
calculated from the area under the breakthrough curve as 
follow:
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where Cad, mg/L, is the concentration of adsorbed iron 
(mg/L) by palm biochar.

The maximum capacity of the palm biochar column, qe 
(mg/g), is calculated as shown below:

total
e

q
q

m
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where m (g) is the dry weight of palm biochar adsorbent in 
the fixed bed column. The total amount of iron sent to the 
column (mtotal) is calculated from the mathematical expres-
sion [29]:
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1000
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C Qt
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The column performance, Y%, can be evaluated by the 
total iron removal percentage from the ratio Y% as:

% 100total

total

q
Y

m

 


×
=  (5)

The adsorption of iron by palm biochar was carried out 
for drinking water sample of highest iron content, site A. 
Under the same conditions of 3 mL/min flow rate and the 
same natural drinking water, the breakthrough curves of the 
different parts of palm tree biochars show different behav-
iors. As shown in Fig. 5a, the sharper breakthrough curves, 
the low iron uptakes, and removal yields were obtained. 

The breakpoint time and total adsorbed iron quantity 
decreased with the following sequence: PCC > DSC > DBC 
> PLC, Table 3. The total absorbed iron mass and the max-
imum iron uptakes followed the same order. Such order is 
consistent with the carbon content order, as PCC contains 
the highest amount of carbon among all palm tree parts. 
The column performance, Y%, was 86.64%, 84.06%, 82.85% 
and 80.15% for PCC, DSC, DBC, and PLC, respectively. Col-
umn performance was the best in the case of using PCC as 
a fixed bed. According to EBT analysis, PCC showed the 
largest surface area among the different parts of the palm 
tree. The fixed bed column test results in Fig. 5a demon-
strated that high breakthrough volumes were observed for 
iron uptake by palm biochars, which assigned the strong 
attraction of palm biochar towards iron ions under dynamic 
conditions.

A synthetic solution contains the same iron content 
of natural drinking water under the same flow rate, of 
3 mL/ min was used as influent. The column performance 
was explored using a PCC bed. The breakthrough time of 
the column for iron adsorption in the model water was 
greater than in the natural sample (Fig. 5b). The adsorption 
capacity of iron increased from 7.71 mg/g in the natural 
drinking water to 9.49 mg/g in the model water, represent-
ing a 23% improvement, Table 4. The iron removal increased 
from 86.64% in natural drinking water to 94.1% in synthetic 
water, while the treated effluent volume of the column (Veff) 
increased from 24.1 L to 27.3 L, which was a 13% increase. 
Such results demonstrated that ionic species contained in 
the natural drinking water considerably decrease and com-
pete with the sorption of iron onto the PCC bed column.

  

  
Fig. 5. The breakthrough curves of iron removal by different parts of palm tree biochars (a), removal in synthetic and natural water, 
effect of regeneration on PCC bed (b) and influence of regeneration efficiency (%) by cycle number (d).
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3.4.  Effect of regeneration on the iron adsorption capacity in 
fixed bed technique

The regeneration performance of palm biochar (PCC) 
was evaluated in terms of breakthrough time (tb) and regen-
eration efficiency described as follows:

( )
( ) ( )

Regenerated efficiency %

 100 /  b b

RE

t regenerated bed t virgin bed= ×
 (6)

Regeneration attains elution of bound iron cations and res-
toration the surface of palm biochar for the next service step. 
Three cycles were carried out after regeneration the exhausted 
PCC with 4% HCl. After the first cycle, iron adsorption capac-
ity of regenerated PCC is lower than that of virgin PCC. This 
causes the early breakthrough for regenerated PCC fixed 
bed column, Fig. 5c. As illustrated in Fig. 5c and d, although 
the sorption capacity of the PCC bed diminished after each 
adsorption/regeneration cycle, the PCC bed continued to 
have an acceptable adsorption performance for iron.

It is worth notable that no major decrease in regenera-
tion efficiency, Fig. 5d, was observed. After one cycle, the 
overall adsorption capacity for PCC was well restored, as 
it slightly decreased by only 1.9% and during the subse-
quent cycle, the iron adsorption capacity difference was 
significantly observed (5.2%). However, the efficiency of 
regeneration for the second and third cycle was 97.9% 
and 94.7%, respectively, suggesting that palm coir car-
bon (PCC) can be reused many times and can treat large 
volumes of drinking water. This is because column per-
formance provides multiple repetitions of service and 
regeneration cycles. Such finding has been also confirmed 

by a slightly decrease in Veff, mtotal , qtotal and other parame-
ters listed in Table 5.

3.5.  Iron removal using PCC biochar in batch mode: kinetics, 
effect of time, initial concentration and isotherms

To describe the adsorption process, kinetics and iso-
therm studies were performed in batch mode. The adsorp-
tion capacity, qe (mg/ g) of PCC biochar towards iron was 
calculated as:

( )o e
e

V

m

C C
q

−
=  (7)

where C0 and Ce are the initial and equilibrium iron concen-
tration, m is the PCC mass (g) and V is the volume of iron 
solution (mL). 

The kinetic study was performed to justify the rate at 
which the PCC biochar adsorbed iron cations. The iron-ad-
sorption kinetics is illustrated in Fig. 6. The mononuclear 
and binuclear adsorption processes were explained by 
the pseudo-first-order [30] and pseudo-second-order [31] 
kinetic models. The contribution of desorption process was 
described by the Elovich [32] model. In addition, the intra-
particle diffusion [33] kinetic model was investigated:
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2.303e t e
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Table 3 
Column parameters and breakthrough time points for iron adsorption by different parts of palm tree in natural drinking water 
sample

Adsorbent tb (h) te (h) Veff (L) qtotal (mg) mtotal (mg) qe (mg/g) Y%

PCC 75.50 133.90 24.12 12.33 14.23 7.71 86.64

DSC 72.53 131.64 23.94 11.78 14.02 7.36 84.06

DBC 71.66 130.84 23.67 11.53 13.91 7.20 82.85

PLC 58.05 128.92 23.40 10.98 13.70 6.86 80.15

Table 4 
Column parameters of iron removal by PCC fixed bed from natural drinking water and model water

Exp. parameter tb (h) te (h) Veff (L) qtotal (mg) mtotal (mg) qe (mg/g) Y%

Natural drinking water 75.5 133.9 24.12 12.33 14.23 7.71 86.64

Model water 117.2 152.1 27.36 15.19 16.14 9.49 94.10

Table 5 
Column parameters for palm biochar PCC backed column, effect of regeneration

Exp. 
Parameter

tb (h) te (h) Veff (L) qtotal (mg) mtotal (mg) qe (mg/g) RE%

Cycle 1 74.35 132.93 23.98 12.92 14.03 7.56 98.48

Cycle 2 73.94 130.2 23.58 11.9 13.91 7.44 97.93

Cycle 3 71.56 127.8 23.04 10.91 13.59 6.82 94.78
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where qe and qt represent iron adsorption capacity (mg/g) 
of PCC at equilibrium and at time t (min), respectively. K1 
(min−1), K2 (g mg−1 min−1) and Kint are the pseudo-first-order 
rate constant, the pseudo-second-order rate constant and 
intraparticle rate constant, respectively. C (mg g–1) is related 
to diffusion resistance, α (mg kg−1) is the initial adsorption 
rate, and β (kg mg−1) is the desorption constant.

Adsorption of iron by PCC is dependent on contact 
time. As shown in Fig. 6a. A rapid increase during the 
beginning was observed, in which the equilibrium pla-
teau was achieved after 30 min of contact. With increas-
ing concentration of iron solution, qe increased, while 
adsorption % decreased (Fig. 6b). At low initial iron con-
centration, the availability of active adsorption sites and 
the biochar surface area were relatively high, and the 
iron cations were easily removed. At higher initial iron 
concentration, the total available active sites are limited, 
therefore resulting in a decrease in adsorption% of iron. 
The increased adsorption capacity, qe, at higher initial 
iron concentration can be assigned to the enhanced driv-
ing force.

Quantitative evaluation of the four kinetic models 
was done by comparing the relative correlation coeffi-
cients (R2), Table 6. The results revealed that the sorp-
tion process that best fits the experimental data was 
the pseudo-second-order kinetic model (R2 > 0.999). 
The amount of iron adsorbed at equilibrium calculated 

from the pseudo-second-order model and the obtained 
experimental values were found to be close (Table 6, Fig. 
6c). Such finding confirms fitting of the pseudo-second 
order kinetic model to Fe/PCC adsorption experiment 
and, consequently, in the control of adsorption rate an 
activated adsorption or chemisorption mechanism must 
be involved. The results also show that the intra parti-
cle diffusion mechanism is not the only limiting step as 
the lines of the qt against t0.5 graph for iron removal by 
PCC do not pass through the origin, Fig. 6d. Thus, other 
external interaction mechanisms (surface adsorption and 
liquid film diffusion) must be acting simultaneously. The 
Elovich model explains the heterogeneous film diffusion 
process, which is controlled by the diffusion factor and 
reaction rate. Although the Elovich model showed a bad 
fit with the experimental data, it can be concluded that 
the adsorption process is not a simple first-order reac-
tion. The adsorption of iron onto PCC biochar is an inte-
grative process that is consistent with the pseudo-second 
order kinetics model.

The equilibrium adsorption isotherms are important 
to verify the adsorption mechanism and to define the rela-
tionship between iron and PCC biochar. To investigate the 
adsorption process, Langmuir [34], Freundlich [35] and 
Temkin [36] isotherms are used to analyze the experimental 
data:

1 1
 Langmuir isotherme

e
e L L L

C
C

q q K q

   
  

+   
=  (12)
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= +  (13)

  

  
Fig.  6. The adsorption of iron by PCC biochar in batch mode, effect of time (a), effect of initial iron concentration and isotherm (b), 
psuedo second order kinetic model (c) and intra particle model (d).
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ln ln   Temkin isotherme eq B A B C= +  (14)

where qL (mg/g) is the sorption capacity of PCC, KL (L/
mg) is the Langmuir constant, KF (L/mg) is related to PCC 
adsorption capacity, 1/n is the Freundlich constant, A (L/g) 
is related to the equilibrium binding, and B (J/mol) is 
related to the adsorption heat.

Assessments of the Langmuir parameters showed very 
good applicability of such model for iron adsorption by 
PCC, Table 7. The essential feature of the Langmuir isotherm 
model is defined in term of equilibrium parameter, RL:

( )0

1
1L

L

R
K C

=
+

 (15)

where KL is related to adsorption energy. As tabulated in 
Table 7, RL was < 1 and indicated that the adsorption of iron 
was favorable, and the value of KL reflects a good affinity of 
PCC biochar towards iron. 

The adsorption of iron by PCC can also be described 
by the Freundlich model. The value of n is between 1 and 
10, suggesting a favorable adsorption process with a higher 
degree of homogeneity. The Langmuir isotherm showed a 
slightly better fit than the Freundlich model. 

The Temkin isotherm model also describes the adsorp-
tion of iron by PCC biochar (R2 = 0.97, Table 7). Thus, elec-
trostatic interaction between biochar and iron cations is an 
important mechanism.

Upon the same operating conditions, the capacity of 
iron adsorption onto PCC in a fixed bed column (7.71 mg/g) 
is much higher than the capacity recorded in batch mode 
experiment (6.22 mg/g). This finding may be occurred due 
to the complete saturation of PCC active sites in the case of 
fixed bed mode [37]. Henriques et al. [38] and Shahbazi et 
al. [39] also observed this behavior.

3.6.  Characterization of spent iron-loaded PCC biochar  
(Fe-PCC) 

The exhausted Fe-PCC material was examined using 
XRD analysis, Fig. 7a to specify the iron phase that adsorbed 
into PCC biochar. The XRD pattern of iron-impregnated 
biochar, Fe-PCC, exhibits an amorphous halo at around 
26o which is typical of amorphous nature of carbon. Also, a 
broad peak at 35° indicates akaganeite presence. It has been 
reported that two-line ferrihydrite (HFO) shows two broad 
diffraction peaks at 35.9°and 61.4°, corresponding to d spac-
ings of 0.250 and 0.148 nm, respectively [40]. The absence 
of these two peaks in the XRD pattern of Fe-PCC indicates 
that HFO was not present. There was an inconspicuous peak 
at 56°, confirming the existence of akaganeit. There was no 
detectable peak at 2θ values of 30° to 80°, suggesting that 
the loaded iron on PCC biochar took the amorphous phase 
form, which was more valuable than crystalline iron oxides 
in phosphate removal. SEM images of virgin PCC before and 
after adsorption (Fe-PCC) of iron are shown in Fig. 7b and 
c. According to SEM images, the surface of PCC seems to 
be as a roughness structure with cavities and groves before 
adsorption. The surface is smoother and the roughness struc-
ture disappeared after adsorption due to the deposition of 
iron or a progressive change in PCC surface mineralogy.

Comparing the two FTIR spectra of virgin and iron-
loaded biochars (Fig. 7d), the appearance of certain bands 
and disappearance of others can be observed after the con-
version of biochar into Fe-loaded biochar. The main differ-
ence between FTIR spectra of virgin PCC and Fe-PCC is 
the emerging broad peak at 3410 cm–1 due to the presence 

Table 6 
The kinetic parameters for iron adsorption by PCC biochar

C0 qe (mg/g) 
(experimental)

qe (mg/g) 
(calculated)

Pseudo-first-
order

Pseudo-second-
order

Elovich Intra particle 
diffusion

10 mg/L 1.53 1.51 K1 = 0.01 K2 = 0.442 α = 0.985 Kint = 0.168

R2 = 0.554 R2 = 1 β = 1.12 C = 8.49

R2 = 0.606 R2 = 0.466

25 mg/L 3.46 3.40 K1 = 0.008 K2 = 0.430 α = 4.3×103 Kint = 0.193

R2 =0.136 R2 = 1 β = 0.97 C = 11.16

R2 = 0.576 R2 = 0.421

50 mg/L 6.13 5.39 K1 = 0.008 K2 = 0.1 α = 13.94×105 Kint = 0.152

R2 =0.399 R2 = 1 β = 1.23 C = 15.5

R2 = 0.528 R2 =0.389

75 mg/L 6.29 6.22 K1 = 0.002 K2 = 0.112 α = 25.6×103 Kint = 0.067

R2 = 0.332 R2 = 0.999 β = 1.94 C = 5.23

R2 = 0.619 R2 = 0.471

Table 7 
The adsorption isotherm parameters of iron removal by PCC 
biochar

Langmuir Freundlich Temkin

qL 8.53 n 1.86 A 0.92

KL 0.10 KF 1.06 B 1.92

RL 0.04

R2 0.99 R2 0.95 R2 0.97
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adsorption process involved chemical bonding and phys-
ical function behavior. This means the sorption process 
includes the intra-particle diffusion processes, surface 
adsorption, and external liquid film diffusion. According to 
the isotherm study, the adsorption mechanism of iron onto 
PCC refers to electrostatic interaction, also physical acting.

The FTIR analysis proved that the surface complex-
ation (coordination) plays an important role during the 
adsorption or loading of iron onto biochar. The oxy-
gen-containing functional groups (such as -OH, -CO 
and -COOH) participates in iron binding. The functional 
groups’ complexation between the biochar and cationic 
contaminants is usually associated with the release of 
hydrogen ions into solution and this leads to reduction 
of solution pH [46]. This, in turn, results in demineraliza-
tion of naturally occurring alkaline ash that was formed 
during biochar formation (pyrolysis). Fan et al. studied 
the released cations during the adsorption process and 
reported that more cations were released to the superna-
tant, especially the K+ and Ca2+ ions which get involved in 
the ion exchange process [47]. Furthermore, the aromatic 
band changes in FTIR spectra revealed that iron-π interac-
tion might be responsible for iron sorption. The aromatic 
π-system can act as the π-donor and such ability (electron 
donating) became stronger as the aromaticity increased 
[48]. Therefore, the mechanism between iron and PCC 
biochar was schematically presented in Fig. 8, involv-
ing surface functional groups complexation, electrostatic 
interaction, iron-π interaction, ion exchange, and others.

3.8.  Removal of phosphate ions using Fe-PCC and its re-usability 
in fixed bed column mode

To evaluate the practical applicability of Fe-PCC biochar 
in the removal of phosphate from natural drinking water, 

of hydroxyl groups on Fe-PCC biochar. This is probably 
attributed to the partial coating of the PCC biochar sur-
face with akaganeite (FeOOH) [41]. This peak shifted from 
3400 cm–1 in the virgin PCC to 3410 cm–1, in the spectra of 
Fe-PCC, suggesting chemical interactions between the iron 
cations and the –OH groups [42]. The C=O stretching vibra-
tion at 1600 cm–1 is considerably enhanced and shifted to 
1585 cm–1 after loading of biochar with iron. Compared 
with the raw palm waste, Fig. 3, some peaks in biochar 
disappeared or decreased during the carbonization, i.e., 
aliphatic-like, protein-like, cellulose-like substance. There-
fore, the aromaticity increased in the formed biochar. Such 
cyclic aromatic π-systems are a weak cation- π binder and 
may bind with iron easily. Hence, iron-π interaction might 
be responsible for iron adsorption [43]. The hydroxyl and 
carbonyl groups on the PCC surface are responsible for the 
anionic and basic properties, respectively. Therefore, poten-
tially anionic contaminants such as phosphate anions can 
be adsorbed onto Fe-PCC biochar’s surface [44]. The car-
boxylic peak around 1700 cm–1 disappeared in the spectra 
of Fe-PCC indicated that –COOH functional groups have 
been involved in the loading of biochar with iron. The 
oxygen-containing functional groups play an important 
role in the adsorption or binding process [45]. The peak at 
1090 cm–1 (ether linkage –C–O–C–) shifted to 1095 cm–1 in 
the spectra of Fe-PCC biochar indicated that the participa-
tion of the ether linkage in Fe adsorption. The key peak at 
630 cm–1, corresponds to Fe–O bond deformations; confirm 
the formation of akaganeite particles on the biochar surface. 

3.7. Mechanism of iron adsorption onto PCC biochar

The iron adsorption onto PCC biochar was a very com-
plicated process. Based on the results of kinetic study, the 

  

  

Fig. 7. XRD analysis of Fe-PCC (a), SEM images of virgin PCC (b) and Fe-PCC (c) and FTIR analysis of virgin biochar, iron-loaded, 
and phosphate-loaded biochars (d).
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the fixed-bed column experiments were carried out at a nat-
ural occurring concentration of 0.42 mg/L phosphate, site 
G. Phosphate concentration in synthetic model water was 
like the concentration of phosphate in the natural drink-
ing water. The pH of influent solutions was maintained at 
natural pH. The breakthrough curves for phosphate were 
obtained with flow rates of 3 m/min. As shown in Fig. 9a, 
very high breakthrough volumes were obtained for phos-
phate in both synthetic and real drinking water, Table 8. 
The breakthrough volume obtained for phosphate in real 
water was significantly higher than that of the model solu-
tion under these experimental conditions. Such an outcome 
may be attributed to the presence of naturally occurring cat-
ions in water such as calcium and magnesium. The regen-
eration efficiency (%) for the first, second and third cycles 
were 87.6%, 81.5%, and 73.8%, respectively, suggesting that 
iron-loaded palm coir carbon (Fe-PCC) can be reused many 
times and can treat large volumes of natural water, Table 9 
and Figs. 9b and c. This study again illustrates the affinity 
of the palm waste biochar for phosphate and demonstrates 
that the synthesized biochar is suitable for purifying natu-
ral drinking groundwater in a fixed-bed system.

3.9.  Adsorption of phosphate by iron-loaded palm biochar in 
batch mode: effect of time, initial concentration, kinetics 
and isotherms

As shown in Fig. 9d, the iron-loaded palm biochar dis-
played rapid adsorption kinetics towards phosphate ions. 
The time needed to reach adsorption-desorption equilib-
rium was 2 h. Accordingly, phosphate adsorption could be 
promoted by the functional interaction between Fe-PCC 
biochar and phosphate. Obviously, the initial high uptake is 
due to the abundance of free active binding sites. The meso-
pores on the biochar surface become almost saturated with 
phosphate anions during the initial stage of sorption pro-
cess. Hence, the phosphate anions have to traverse deeper 

into the micro pores, thus leading to decrease adsorption 
rate and driving force. 

Fig. 9e shows plots of the adsorption capacity of Fe-PCC 
and the percentage removal of phosphate versus the initial 
concentration of phosphate. It is evident that the adsorption 
capacity of iron-loaded biochar increases with increasing 
initial phosphate concentration, suggesting that a higher 
initial phosphate concentration can enhance the sorption 
process, although the adsorption % of phosphate decreases 
with an increase in the initial concentration. The increasing 
uptake capacity of Fe-PCC with increasing phosphate con-
centration may be attributed to higher collision probability 
between phosphate anions and Fe-PCC particles. 

The obtained adsorption data are simulated in accor-
dance with the pseudo-first-order, pseudo-second-or-
der, Elovich and intra particle diffusion kinetic models to 
explore the adsorption mechanism of phosphate and evalu-
ate the efficiency of the process. It was found that the pseu-
do-second order kinetic model better simulated the uptake 
behavior of phosphate (R2 > 0.98), Fig. 9f and Table 10. This 
outcome suggested that chemisorption could be the con-
trolling factor for the adsorption process.

As listed in Table 11, Freundlich isotherm had a higher 
correlation coefficient (R2 = 0.999) for Fe-PCC than the Tem-
kin and Langmuir models. This outcome suggests that 
heterogeneous processes control phosphate removal by 
Fe-PCC. However, the measured RL value (0.11) indicated 
that the adsorption process is favorable. The outcomes 
acquired from isotherm study suggested that the predom-
inant mechanism for phosphate adsorption by Fe-PCC is 
polynuclear and mononuclear adsorption onto iron-loaded 
palm biochar.

3.10.  Mechanism of phosphate adsorption by iron-loaded palm 
biochar

The kinetic and isotherm studies revealed that phos-
phate adsorption could be promoted by the functional 
interaction between Fe-PCC biochar and phosphate. More-
over, electrostatic interaction and intra particle diffusion 
might not play the main role in the mechanism of phos-
phate adsorption.

The FTIR results (Fig. 7d) showed that peaks at 1600, 
1425, and 1090 cm−1 were preserved in PCC and shifted or 
decreased in Fe-PCC are absent from PO4@Fe-PCC (after 
reaction with phosphate) indicating that the functional 
groups (e.g., aromatic C=O, -CH2, C–O–C) had reacted with 
phosphate. The peak at 1090 cm−1 disappeared and moved 
to 1150 cm−1 after the reaction with phosphate. Such peak 
is assigned to the stretching of hydrogen-bonded P=O 
of phosphates. Furthermore, a series of vibration peaks 
located at 780–1000 cm–1 were assigned to the asymmet-
ric stretching vibrations of P–O–P and C–O–P. Compared 
with the results before the reaction with phosphate, the 
peak of Fe–O is reduced and shifted to 625 cm–1 indicating 
that the iron ions participate in phosphate adsorption as 
the hydroxyl group of was replaced by phosphate.

Based on XRD analysis the iron took the form of amor-
phous akaganeite phase in iron-loaded biochar, Fe-PCC, 
which represent excellent removal ability due to its high 
isoelectric point [49]. The modification of biochar with iron is 
an efficient and economical method to improve the adsorp-

Fig. 8. Schematic illustration of iron removal by PCC biochar.
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tion capacity of biochar [50,51]. The acting of iron modifica-
tion mainly is to provide more attractive sites to biochar via 
changing the surface structure. Fe significantly decreased the 

negativity of the palm biochar surface charge through the 
formation of akaganeite. It was reported that the adsorption 
capacity of unmodified biochar for phosphate anions exhib-

  

  

  
Fig. 9. Adsorption of phosphate using iron loaded palm biochar in fixed bed column and batch modes. Breakthrough curves: effect 
of water type (a), effect of regeneration and recycling on Fe-PCC bed (b) and influence of regeneration efficiency (%) by cycle number 
(c). In batch mode: effect of time (d), effect of initial iron concentration and isotherm (e) and pseudo-second order kinetic model (f).

Table 9 
Column parameters for Fe-PCC backed column, effect of regeneration

Cycle 
Number 

tb (h) te (h) Veff (L) qtotal (mg) mtotal (mg) qe (mg/g) RE%

Cycle 1 85.27 116.9 21.05 8.14 9.68 5.09 87.6

Cycle 2 79.35 130.84 23.67 7.57 9.36 4.73 81.52

Cycle 3 71.83 128.92 23.4 7.26 8.77 4.53 73.80

Table 8 
Column parameters of phosphate removal by Fe-PCC fixed bed from natural drinking water and model water

Water type tb (h) te (h) Veff (L) qtotal (mg) mtotal (mg) qe (mg/g) Y%

Model water 82.51 139.18 24.12 7.64 9.93 5.4 76.93

Natural drinking water 97.33 152.02 27.36 8.65 10.58 6.03 81.75
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ited much-reduced adsorption efficiency for removal com-
pared to metal loaded biochar [52]. This was assigned to the 
function of electrostatic attraction force as one of phosphate 
removal mechanism [53] as repulsion between the negatively 
charged biochar surface and the phosphate ions could be the 
main reason for this observation. Therefore, the loading of 
biochar with iron improves the phosphate adsorption capa-
bility due to a decrease in negative surface charge.

Precipitation of phosphate anions with metals has been 
accepted as a mechanism for the adsorption of phosphate 
by biochars [54]. The complexation mechanism was sup-
ported by an increase in sorption solution pH during the 
adsorption process of phosphate [55]. Phosphate adsorp-
tion onto metal loaded biochar could involve also anion 
exchange [54]. However, the electrostatic attraction force is 
almost always an important step for biochars. This is obvi-
ous because the surface of biochar possesses some surface 
charge and phosphate is negatively charged.

Fig. 10 illustrates the major mechanisms that could be 
involved in phosphate adsorption by iron-loaded palm 
biochar, ligand exchange (outer and inner-sphere complex-
ation), ion exchange, electrostatic attraction, precipitation, 
and others.

4. Conclusion

This study introduces a cost-effective and advanta-
geous technique to remove iron from drinking ground-

water. Successive adsorption was performed by using 
the spent iron-loaded biochar to remove phosphate from 
water samples. Using biochar in water treatment has 
many potential advantages compared to existing meth-
ods as biochar is a renewable and low-cost material which 
makes it suitable for poor communities such as Al Kharga. 
Four parts of palm trimming waste biochars were used to 
remove iron content from groundwater samples namely 
palm coir (PC), palm leaflets (PL), date empty bunches 
(DB) and date stone (DS). The breakpoint time and total 
adsorbed iron quantity decreased with the following 
sequence: PCC > DSC > DBC > PLC. The total absorbed 
iron mass and the maximum iron uptakes followed the 

Table 10 
The kinetic parameters for phosphate adsorption by Fe-PCC biochar

C0 qe (mg/g) 
(experimental)

qe (mg/g) 
(calculated)

Pseudo first-
order

Pseudo second-
order

Elovich Intra particle 
diffusion

10 mg/L 0.83 0.77 K1 = 0.004 K2 = 0.534 α = 1996 Kint = 0.01

R2 = 0.583 R2 = 0.999 β = 20.7 C = 0.62

R2 = 0.730 R2 = 0.579

25 mg/L 1.37 1.37 K1 = 1.923 K2 = 0.458 α = 1254 Kint = 0.019

R2 =0.170 R2 = 0.999 β = 10.76 C = 1.09

R2 = 0.635 R2 = 0.476

50 mg/L 3.13 2.99 K1 = 0.005 K2 = 0.099 α = 735 Kint = 0.047

R2 =0.657 R2 = 0.999 β = 4.52 C = 2.27

R2 = 724 R2 =0.580

75 mg/L 4.92 4.96 K1 = 0.010 K2 = 0.055 α = 66 Kint = 0.010

R2 = 0.384 R2 = 0.999 β = 2.16 C = 3.472

R2 = 0.788 R2 = 0.6358

Table 11 
The adsorption isotherm parameters of phosphate removal by 
Fe-PCC biochar

Langmuir Freundlich Temkin

qL 2.21 n 0.60 A 0.60

KL 0.11 KF 1.17 B 1.21

RL 0.04

R2 0.37 R2 0.98 R2 0.92

Fig. 10. Schematic illustration of phosphate adsorption using 
iron loaded palm biochar.
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same order. Iron removal could be controlled by many 
processes because the correlation coefficient values of 
Langmuir, Freundlich and Temkin isotherms were close 
to one another. The phosphate adsorption are described 
by Freundlich isotherm model. The pseudo-second-order 
model has been observed to simulate iron and phosphate 
adsorption processes. In addition, results showed that no 
major decrease of regeneration efficiency was observed 
during the regeneration cycles which shows that the palm 
biochar has good potential to remove iron although it has 
been reused for a few times.
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