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Abstract
Phosphate, when present in water, forms one of the basic nutrients that lead to eutrophication and its associated nega-
tive impacts. The use of raw dolomite powder as an adsorbent was found to be very effective in the removal of phos-
phates from various waters and wastewater matrices. Ayoub and Kalinian (Water Environ Fed 78:353–361, 2006) reported 
phosphate removals, amounting to 100%, over more than 300 bed volumes at inflow concentrations between 0.30 and 
0.40 mg/L. This marked achievement led to the present study with the objective of defining the effects of the various 
parameters involved in the process and determining the optimal operating condition to achieve effective and sustain-
able removal efficiencies. Experimental work was conducted by passing three types of influent water and two types of 
wastewater jacked with a phosphate salt (KH2PO4) through a fluidized column bed of dolomite powder, where the effect 
of various parameters, including system operation mode, adsorbent particle size, rate of flow through the bed (contact 
time), initial phosphate concentration, influent pH, and the presence of competing anionic solutes on the adsorption of 
phosphate was evaluated. The results asserted that the most effective mode of operation for the system was the fluid-
ized bed configuration. Results further showed that the smaller-sized dolomite powder (< 0.074 mm) sustains better 
adsorption. Also, higher contact time and lower feed phosphate concentration result in increased adsorption. Adsorp-
tion capacity was found to decrease with increased influent pH values. Competitive adsorption with existing anions was 
noted to occur, leading to reduced efficiency in phosphate removal. The Thomas and Yoon–Nelson models were deemed 
to agree best with the experimental data, while the Thomas model was determined to be the most descriptive of the 
column runs and to produce the most accurate predictive results. The use of dolomite as an adsorbent in the removal of 
phosphates, considering its wide availability, ease of application and regeneration capability, if operated under optimal 
conditions as determined by the present study, will present a highly sustainable process with added advantages over 
the more complex and costly adsorbents.
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1  Introduction

Phosphate release into surface waters, from point and 
diffuse sources, contributes to eutrophication problems 
in lakes and rivers characterized by excessive growth of 
algae and aquatic plants [2]. Effluent discharges with low 

concentrations of phosphates (< 0.1  mg/L) have been 
reported to induce eutrophication [3]. Conventional phos-
phorous removal technologies include the utilization of a 
variety of chemical and biological processes. Recent stud-
ies on biological technologies targeting the removal of 
phosphates from aqueous solutions reported on the use 
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of engineered environmental bacteria [4] and specifically 
grown bacterial consortia in biofilm bioreactors [5], as well 
as on the introduction of shifts in structure and functions 
of microbial communities [6]. Studies also reported on the 
introduction of supplemental materials [7, 8] or specific 
bacterial species [9] to activated sludge aerobic reactors 
that enhanced phosphates removal.

Concurrently, work on chemical technologies cov-
ered a wide range of processes that included coagula-
tion/flocculation and more recently electrocoagulation 
[10], adsorption in which a wide number of chemicals 
were proposed in the application of these processes. In 
this context, metallic nanoparticles and nanocomposites 
were extensively investigated [11, 12] as well as iron and 
its compounds [13, 14]. Applications using aluminum and 
magnesium in various forms were also studied [12, 15, 16]. 
Zeolites [17, 18] and silicates [19, 20] as well as other mate-
rials such as activated red mud [21], coal gangues [22] and 
chitosan [23, 24] were reported to be effective adsorbents. 
Sewage sludge-based adsorbents were also shown to have 
a good adsorbing potential [4, 25]. A variety of composite 
materials have also shown promise in phosphate removal 
[26, 27]. Most of these reported studies were adsorption-
related studies due to the advantages that have been 
demonstrated to exist over the coagulation/flocculation 
processes.

Biological processes, on the one hand, fall short of 
achieving removal levels that are commensurate with the 
stringent standards imposed, while chemical processes, 
related to coagulation and electrocoagulation, entail 
excessive chemical use and hence excessive production of 
sludge associated with complexity in operation and high 
operating cost [28, 29]. Novel methods such as the use 
of adsorbents, as noted earlier, have been introduced to 
alleviate these problems by achieving close to complete 
phosphorous removal without the excessive use of chemi-
cals and consequently without the production of sludge.

Major factors affecting the extent of phosphorus 
adsorption to an adsorbent include chemical adsorbate 
characteristics and intrinsic adsorbent characteristics such 
as pore size, particle density, permeability and surface 
area. Other factors include particle size, temperature, pH of 
solution, contact time, initial concentration of phosphate, 
and presence of competing solutes that reduce avail-
able adsorption sites by inorganic salts which have been 
reported earlier by Cheremisinoff [30] and Lee et al. [31] 
and more recently by Chen et al. [32], Kang et al. [19] and 
Awual [26, 33].

Raw dolomite powder, obtained from crushed dolo-
mitic rock, was found to be a very effective adsorbent 
for removing low concentrations of phosphates present 
in various water and wastewater matrices [1]. Besides, it 
imposes a number of advantages when compared to the 

more complex and costly adsorbents reported in the lit-
erature in that it is highly sustainable, widely and easily 
available, enjoys simplicity in application, is easily reac-
tivated, does not produce sludge, and is very efficient in 
removal of phosphates from aqueous solutions. Complete 
removal of phosphates was achieved over more than 300-
bed volumes at input phosphorus concentrations rang-
ing between 0.30 and 0.40 mg/L [1]. In determining the 
optimal conditions under which the dolomite will be most 
effective in achieving maximum removal levels, a num-
ber of parameters were evaluated in order to assess their 
effect on the efficiency of the process. Physical parameters 
such as system operation mode, adsorbent particle size, 
rates of flow through the bed (contact time), water qual-
ity and initial phosphate concentration were investigated. 
The effect of the use of dolomite on the quality of water 
and the presence of competing solutes were assessed. The 
results of the study are reported in this paper.

2 � Materials and methods

2.1 � Dolomite powder

The adsorbing material (dolomite powder) used in the 
removal of phosphorus from water and wastewater was 
obtained from crushed dolomite rock from the Sibline 
area, South of Beirut, Lebanon, which was found to have 
dolomitic formations [34]. Like with all mineral deposits, 
different characteristics are normally encountered. How-
ever, the main components that were of interest in this 
study were the predominant concentrations of calcium 
and magnesium oxides, which are considered to be the 
effective chemicals that will contribute to the treatment 
process. The chemical properties of the utilized dolomite 
powder as determined through X-ray diffraction are shown 
in Table 1.

Furthermore, ion chromatography was adopted in 
determining specific constituents of the powder such as 
chlorides, sulfates and nitrates (Table 2).

The dolomite powder was prepared by crushing the 
pieces of the dolomite rock using a crushing machine at 
the Soil Mechanics Laboratory. Sieving was conducted 
for the powder dolomite after crushing to classify the size 
distribution of the powder particles based on ASTM stand-
ard analysis. The sizes of the standard mesh sieves used 
ranged from number 80 to 200, i.e., 0.177 to 0.075 mm. 
The dolomite powder that passed the 200-mesh sieve 
(< 0.075 mm) was selected to be the optimal dolomite size 
to be used in the experimental work. The resulting physical 
properties of the powder are shown in Table SM1. In addi-
tion, the particle size distribution of the selected sieved 
powder was determined by the hydrometer method [35] 
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and is presented in Table SM2. The resulting powder was 
stored for later use in the experiments.

2.2 � Testing setup and procedure

Various experimental procedures were first examined in 
order to determine the optimal setup to be adopted in 
conducting the study. These procedures included the jar-
test setup, the fixed-bed continuous down-flow setup and 
the up-flow fluidized bed setup. The results of the jar test 
showed unsatisfactory phosphate removal efficiencies, 
while the fixed-bed down-flow model was found unsuit-
able because of flow permeability and clogging problems. 
To alleviate this issue, a mixed sand and dolomite powder 
bed were also investigated; however, a channeling prob-
lem was encountered in this case which resulted in low 
phosphate removal levels. The up-flow model was found 
to be the most feasible of the three tested procedures as it 
resolved most of the problems associated with the jar test 
and the down-flow models. Consequently, the fluidized 
bed setup was selected for the testing procedures. The 
experiments were conducted using two 1.5-cm-diameter, 
120-cm-long glass columns packed with dolomite powder 
(Fig. 1). The backflow velocity was selected to fluidize the 
bed and yet not reach the terminal velocity. A peristaltic 

pump (Masterflex, Cole Palmer) was used to feed the solu-
tion through the bed. The bed consisted of 28.53 g of dolo-
mite powder packed to a depth of 10 cm. The resulting 
volume of the bed was 16 ml with a 5-ml pore volume. 
Preliminary tests indicated the permeability issues to have 
been eliminated, and an enhanced contact between the 
influent and the powder volume was achieved. Further-
more, good phosphate removals were attained coupled 
with easier operation and control of the setup.

Series of experiments were conducted employing 
various flow rates, ranging from 5 to 10 ml/min (1.7 m3/
m2/h and 3.4  m3/m2/h, respectively), to assess the 
dynamic effect of the different flow rates (contact time) 
on the removal efficiency. The effect of particle sizes on 
removal efficiency was also evaluated employing iden-
tical adsorbent doses (28.53 g) and maintaining similar 
test conditions such as flow rate (5 ml/min) and type of 

Table 1   Chemical composition 
of the collected dolomite rock

a Analyzed at the Sibline fac-
tory laboratory, average of two 
readings

Compound Percent 
compositiona

(%)

SiO2 0.77
Al2O3 0.14
Fe2O3 0.19
CaO 30.85
MgO 21.55
K2O 0
TiO2 0.09
P2O5 0
Loss on ignition 46.26

Table 2   Average anion 
concentrations of powder 
dolomite sample

a Average of two readings

Parameter Con-
centra-
tiona

(mg/
Kg)

Chloride 121
Nitrate 48
Sulfate 268

Fig. 1   Experimental setup



Vol:.(1234567890)

Research Article	 SN Applied Sciences (2019) 1:802 | https://doi.org/10.1007/s42452-019-0833-5

influent, distilled water (DW). Initial phosphate concen-
trations ranged from 0.75 to 1.1 mg PO4/L. Dolomite sizes 
employed ranged from particles greater than 0.177 mm 
to particles smaller than 0.074 mm, denoted by mesh 
sizes > 80 and < 200, respectively.

2.3 � Test feed samples

For the assessment of the impact of feed water characteris-
tics on adsorption, three different influent waters, namely 
distilled water (DW), synthetic ground water (SGW), and 
tap water (TW), and two secondary-treated sewage efflu-
ents (STSE) were used in the testing activity.

Specific amounts of phosphate salt (KH2PO4) were 
used in the preparation of the influent solutions using 
DW and TW, while SGW was prepared by adding 35 mg 
MgSO4·7H2O, 12 mg CaSO4·2H2O, 12 mg NaHCO3, 6 mg 
NaCl and 6 mg KMO3 to 1 L DW into which a fixed amount 
of KH2PO4 was spiked. As for the chemically treated waste-
water supernatants, STSE-B and STSE-L, these were the 
result of a bench-scale chemical precipitation treatment of 
raw sewage using standard jar-test apparatus (Phipps and 
Bird Inc., Model 300) with the application of liquid bittern 
and lime, respectively, and with NaOH used as the alkaliz-
ing agent. The pH of the tested influents was adjusted at 
7.1–7.3 prior to starting the experiments. Table 3 depicts 
the characteristics of the test feed waters.

2.4 � Testing procedures

To evaluate the adsorption efficiencies of phosphate by the 
adsorbent raw dolomite, four sets of experiments were con-
ducted with each set being repeated at least twice. All tests 
were conducted at room temperature (22 ± 1 °C). The opti-
mal test flow rate of 5 ml/min (1.7 m3/m2/h) and the dynamic 
effect on the removal efficiency were determined in the 
first set, while the second set dealt with determining the 
effect of dolomite particle sizes on the removal efficiency of 
phosphates. Table SM3 classifies the dolomite particle sizes 

indicated by the standard sieve numbers. Evaluating the 
adsorbate removals with varying initial influent concentra-
tions at a constant size of < 200 mesh and flow rate of 5 ml/
min was conducted in the third set, where different phos-
phate doses, that yielded concentrations ranging between 
0.28 and 1.3 mg P–PO4/L, were spiked in the four influent 
samples. Finally, tests conducted in the fourth set covered 
an assessment of the efficacy of the feed water quality on 
the adsorption process. A summary of the experiments con-
ducted is presented in Table SM4. This involved measuring 
variations in the physical and chemical characteristics of the 
effluents of the feed solutions by measuring pH, conduc-
tivity, total dissolved solids (TDS), orthophosphate, sulfate, 
magnesium, and calcium concentrations.

The effect of initial phosphate concentration on the 
process of adsorption was evaluated by conducting experi-
ments with different initial phosphate concentrations using 
three types of influents: DW, SGW and TW.

2.5 � Analytical methods

Because of the clear effluents produced, no processing was 
needed before proceeding with the analysis. Acid wash fol-
lowed by distilled water rinsing of borosilicate glassware 
was used throughout the testing procedure. All cleansing 
materials that could contaminate the assay with phosphate 
were avoided. Tests conducted on the physicochemical 
characterization of the effluent samples were in accordance 
with “Standard Methods for the Examination of Water and 
Wastewater” [36]. Orthophosphates and sulfates were deter-
mined based on HACH test manual procedures as approved 
by USEPA. Table SM5 presents the parameters, methods of 
analysis and instrumentation employed in the analysis.

2.6 � Modeling breakthrough curves

Modeling of column behavior, as well as error analysis, was 
conducted for the effect of phosphate absorption with 
change in flow rates as well as dolomite particle size varia-
tion. Thomas, Bohart–Adams, and Yoon–Nelson models were 
used to model the behavior of uptake of phosphates on the 
dolomite columns. Bohart and Adams [37] reported that a 
model based on the surface reaction theory is considered 
to best describe the initial parts of sorption breakthrough 
curves [38]. The model is based on the equation [39]:

where influent and effluent concentrations of phosphates 
are represented by Co and Ct, respectively. kAB (L/mg min) is 
the mass transfer coefficient, t (min) is the sample time, N0 
(mg/L) is the saturation concentration, U0 (cm/min) is the 

(1)ln

(

Ct

Co

)

= kABC0t − kABN0

Z

u0

Table 3   Average physicochemical composition of the test influents

Parameter Influent type

DW SGW TW STSE-B STSE-L

pH 6.70 7.20 7.94 10.5 10.8
TDS, mg/L 72 78 257 4100 1980
Conductivity, µmhos/cm 145 157 515 8250 4050
SO4

2−, mg/L 20 46 58 805 131
Cl−, mg/L 30 40 214 4000 1500
Alkalinity, mg/L as CaCO3 0 10 180 – –
Ca hardness, mg/L as CaCO3 10 20 180 – –
Mg hardness, mg/L as CaCO3 25 23 40 – –
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linear velocity calculated by dividing the flow rate by the 
column cross-sectional area, and Z (cm) is the bed depth 
[40, 41].

The Thomas model [42] is the most general and widely 
used model for expressing the theoretical behavior of 
adsorption column performances. The linearized form of 
the Thomas model is expressed as [43, 44]:

where Q (mL/min) is the volumetric flow rate, KTh is Thomas 
kinetic coefficient, t (min) is the total flow time, q0 and m 
(mg/g) are the adsorption capacity and mass of the adsor-
bent, respectively. The values for KTh and q0 were deter-
mined by plotting ln

(

C0

Ct
− 1

)

 versus t [45].

Yoon–Nelson model is a simpler model utilized for sin-
gle-component systems, which assumes that the rate of 
decrease in the probability of adsorption for adsorbate is 
proportional to both the probability of adsorbate adsorp-
tion and the probability of adsorbate breakthrough on the 
adsorbent, and is given by the following [46, 47]:

where KYN is the rate constant, τ (min) is the time required 
for 50% adsorbate breakthrough, and t (min) is time of the 
run. Plotting ln Ct

C0−Ct
 versus t KYN and τ can be determined 

by using the slopes and intercepts of the regression equa-
tions obtained from the applied linear regression 
models.

(2)ln

(

C0

Ct
− 1

)

=
KThq0m

Q
− KThC0t

(3)ln
Ct

C0 − Ct
= KYNt − �KYN

3 � Results and discussion

3.1 � Effect of process variables on phosphate 
removal efficiency

3.1.1 � Hydraulic flow rate/contact time

The effect of contact time on phosphates and other con-
taminants adsorption by a number of different adsorbents 
has been extensively studied [48–51]. Using batch experi-
ments, Awual [26] studied the removal of phosphates 
using mesoporous silica and ligand embedded compos-
ite adsorbent over a reaction time of 10–90 min; it was 
observed that over 90% of the available phosphates were 
removed in the first 30 min, while the rest were removed 
over a more extended period of time (up to 90 min). The 
observation of fast adsorption was attributed to abundant 
protonated active sites combined with the highly ordered 
porous frameworks of composite adsorbent [52–54]. Using 
DW with the initial influent phosphate concentrations of 
0.75 and 0.76 mg/L, the average phosphate removal effi-
ciencies varied between 89, 84 and 90, 34% at the start 
and end of the experimental run (56 bed volumes) for the 
flow rates of 5 and 10 ml/min, respectively.

Figure 2 shows phosphate removal percentages ver-
sus number of beds at different flow rates. It is noted that 
fixation capacity is dependent on the hydraulic condition, 
which determines the contact time between the adsor-
bent (dolomite) and the adsorbate (phosphate) [55]. In 
this context, it is noted that adsorption capacity increases 
with the increase in contact time, i.e., lower flow rates. 
This substantiates earlier studies that reported increased 
adsorption rates with increased contact time using a vari-
ety of adsorbents [21, 56]. According to Xing et al. [56], 
adsorption of phosphates on activated siderite ore (ASO) 
increased with higher contact time, it was reported that 
adsorption equilibrium was reached after 8 h for most 

Fig. 2   Phosphate removal 
percentages as a function of 
flow rate
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particle sizes, and adsorption capacity was achieved after 
24 h for 0.05–0.1 mm particle size.

3.1.2 � Size of dolomite particle

Figure 3 depicts the average percent phosphate removal 
for the various dolomite particle sizes as a function of 
number of bed volumes of effluent treated. The plot 
reveals that at the start of the experimental run phos-
phate removals attained were 97.0, 90.3, 77.2, 76.1 and 
93.7 percent, and at the end of the run (52 bed volumes) 
percent phosphate removals achieved were in the range 
of 84.1, 63.4, 56.9, 46.6 and 35.5 percent for dolomite sizes 
of < 200, 200–140, 140–100, 100–80 and > 80, respectively. 
These results confirm higher phosphate removal efficien-
cies for smaller adsorbent size ranges. This increase in 
removal with decrease in particle size is attributed to the 
relatively larger surface areas and hence the higher num-
ber of available adsorption sites offered by the smaller 
particle sizes. Removal efficiencies were assessed based 
on the initial influent phosphate concentration. It was 
reported that the adsorption capacity of 2.5 mg/g of 
phosphates was achieved for the smallest particle size of 
ASO (0.05–0.1 mm), while under similar initial conditions, 
larger particle sizes (0.85–3.35 mm) exhibited an adsorp-
tion capacity of 1 mg/g [56].

3.1.3 � Initial phosphate concentration

The effect of varying initial phosphate concentrations on 
removal is illustrated in Fig. 4. Higher percent sorption 
with decreasing initial concentration was found to be 
the governing trend. This pattern was noted with TW in 
which an increase in phosphate concentration from 0.340 
to 1.113 mg/L led to a 25.7 percent reduction in removal 
efficiency. Contradicting results were obtained when using 
DW (0.283–0.977  mg/L) and SGW (0.335–0.845  mg/L) 

where the applied concentrations were more than dou-
bled, and where removal efficiencies decreased by only 
3.2 and 6.8 percent, respectively. This behavior tends to 
indicate that the initial phosphate concentrations used in 
this study had a minor effect on removal efficiencies, but 
rather the water quality and the presence of competing 
elements were the factors that played the more impor-
tant role in removal efficiencies. In this context, it is noted 
that the presence of alkalinity in DW (0 mg/L) and SGW 
(10 mg/L) is practically negligible when compared to TW 
(180 mg/L). The possible presence of HCO3

− ions could 
lead to the reduction of phosphate removal with increased 
influent phosphate concentrations as it is reported [56, 
57] that HCO3

− is highly competing ions when it comes to 
phosphate adsorption. It is, however, to be noted that the 
results obtained are not in agreement with the reported 
studies as these indicated an improvement in adsorption 
efficiency with increased initial phosphate concentra-
tion up to a certain concentration level beyond which no 
increase was detected [21].

3.1.4 � Effect of pH on phosphate removal

It is well established that solution acidity is a controlling 
factor in adsorption processes, and it directly impacts ionic 
speciation and ionization state of the ions in aqueous 
media [58–61]. Studies on diverse absorbents have shown 
that the effect of surface charge of the adsorbents and 
the adsorbates dominates the adsorption capacity and 
determines the uptake of ions from the aqueous phase 
[33, 62, 63]. Figure 5 depicts phosphate removal capacities 
for tested samples with different pH values. It is evident 
from the descending curve arrived at, when measuring 
the number of bed volumes where phosphate removal 
attained 100% as a function of pH, that as pH increases 
removal decreases. This may be attributed to the loss 
of electrostatic attraction toward phosphate anions as 

Fig. 3   Percent phosphate 
removal as a function of parti-
cle size range. (< 200 average 
of four tests), others (average 
of two tests each)
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pH increases so do the negative charges which create a 
repelling force toward the anions. These results are in good 
agreement with recent studies where it was reported that 
phosphates can be removed by ASO in a relatively wide 
pH range between 3.0 and 11.0 [21, 56]. Awual [26] studied 
the effect of initial pH on the adsorption of phosphates 

using composite adsorbent, in the pH range of 3.0–7.0; the 
presence of monovalent H2PO4

− and divalent HPO4
2− as 

the major phosphate species leads to high adsorption 
values of phosphates; however, in the aforementioned 
study the optimal pH was selected to be in the neutral 
range of 7.0–9.0, where the divalent species HPO4

2− is 
the most abundant species in the aqueous solution and 
was adsorbed in preference to competing species such 
as Cl−, HCO3

−, CO3
2− and SO4

2−. According to Helfferich 
[64], such an observation can be attributed to the effects 
of both electroselectivity and hydrogen bonding interac-
tions [27]. Xu et al. [65] carried out a similar experiment 
using raw dolomite and calcite for the removal of phos-
phates, and the reported results suggest that the process 
of adsorption of phosphate on calcite and dolomite at pH 
6.0–7.0 is mainly attributable to the precipitation of cal-
cium phosphate complexes. It was also deduced that dolo-
mite offers the strongest sorption capacity at increased 
pH levels of ≥ 8.0 when high phosphate concentrations 
are preset (> 200 mg/L). Karaca et al. [66] also stated that 
the polyprotic nature of phosphate molecules leads to a 
high pH dependency, and it was reported that phosphates 
bind with Ca2+ ions to from the adsorbent, and the high 
increase in pH of the aqueous solution lead to the forma-
tion of OH− which competes with the PO4

3− species lower-
ing the adsorptive capacity of phosphates.

3.2 � Physicochemical characteristics of column 
effluents

During the course of the experimental runs, effluent sam-
ples were collected at fixed time intervals and analyzed for 
physicochemical characterization. Parameters under assay 
included pH, conductivity, total dissolved solids (TDS), sul-
fate and phosphate. The different test influents (DW, TW, 
SGW and STSE) employed were repeatedly tested for the 
same parameters in an attempt to depict the effect of the 
dolomite bed on the final quality of the effluent.

3.2.1 � Variation in pH

The pH of the different feed waters used during the experi-
ments was noted to increase upon passing through the 
dolomite bed. The pH of the DW and SGW influents signifi-
cantly increased from 7.2 and 7.3 to a pH of about 9.3. In 
contrast, a lower pH rise from about 7.3 and 7.5 to 8.03 and 
8.4 was observed for the TW and STSE (STSE-B and STSE-L) 
influents, respectively. This is attributed to the buffering 
capacity of the TW and STSE influents. The rise in pH is 
attributed to the dissolution of the dolomite components, 
to yield free carbonates according to the reactions:

(4)CaCO3
→

←
Ca2+ + CO2−
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Fig. 4   Phosphate removal efficiencies in a DW, b SGW and c TW 
(over 47 bed volumes using various initial phosphate concentra-
tions)
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The increase in pH value was noted to coincide with the 
liberation of calcium (Ca2+) and magnesium (Mg2+) ions 
into solution as discussed later. Figure 6 depicts average 
pH values attained with the different influents used.

The extent of pH rise was observed to be more signifi-
cant with DW influents of lower initial pH values. While 
influent pH increased from 6.7 and 7.2 to 9.4 and 9.6, 
respectively, influents with initial pH of 7.8 demonstrated 
a final effluent pH of 8.9. However, this behavior was not 
maintained with TW influents where the degree of pH 
increase did not vary with varying initial influent pH.

3.2.2 � Calcium and magnesium hardness

It was observed for all the experiments that the con-
centrations in Ca2+ and Mg2+ ions increased during the 
initial phase of the tests upon addition of dolomite and 
remained relatively constant thereafter. A significant 

(5)MgCO3
→

←
Mg2+ + CO2−

3

release of Mg2+ ions into solution was manifested with 
the three DW, TW and SGW influents being tested. Mag-
nesium hardness increased from 39, 23, and 31 to 61, 50 
and 57 mg/L as CaCO3 for TW, SGW and DW, respectively 
(Fig. 7a). The increase in the magnesium hardness for 
all the influents was noted to be fairly constant vary-
ing between 22 and 26 mg/L as CaCO3. On the other 
hand, increase in the concentration of Ca2+ ions is mostly 
prominent in the case of DW and SGW influents only; as 
for TW influents less significant Ca2+ releases were noted 
(Fig. 7b). Ca hardness increased from 20 and 33 to 40 and 
47 mg/L as CaCO3 for SGW and DW influents, respec-
tively. This was in contrast to the negligible Ca hardness 
increase from 178 to 180 mg/L as CaCO3 for the TW influ-
ent followed by a mild decline in Ca concentration. This 
may be attributed to the initially high concentrations of 
bicarbonate ions (180 mg/L as CaCO3) and calcium hard-
ness (178 mg/L as CaCO3) which renders further dissolu-
tion of CaCO3 difficult to realize and the decline could be 

Fig. 5   Effect of pH on phos-
phate removal
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attributed to CaCO3 precipitation at the relatively high 
operating pH values.

3.2.3 � Conductivity and TDS

Conductivity and TDS levels of the DW, SGW and TW 
influents increased from their initial values upon passage 

through the dolomite bed. A sudden upward incline fol-
lowed by a slight decline in conductivity and TDS lev-
els is attributed to the increase in the concentration of 
ions resulting from the dissolution of the dolomite bed 
components upon contact with the aqueous influents. 
Being prepared from raw rock material, the dolomite 
powder employed in the experimental runs showed 
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chloride, nitrate and sulfate ions in the range of 121, 48 
and 268 ppm, respectively. The presence of ions in rela-
tively considerable concentrations brought about a rise 
in conductivity and TDS values of the effluents produced. 
Figure 7c, d demonstrates conductivity and TDS levels of 
DW, SGW and TW influents, respectively. Being directly 
proportional to each other, conductivity and TDS values 
exhibited similar trends with all the test influents.

3.2.4 � Competing effects of dissolved solutes on phosphate 
removal

The presence of anionic solutes such as chlorides, bicarbo-
nates, nitrates and sulfates potentially competes with the 
targeted phosphate ions for sorption sites. Of these ani-
ons, sulfate ions are the candidate to produce the greatest 
suppression effect because they are divalent and thus pos-
sess a higher ionic charge. It is reported that sulfates com-
pete with phosphate ions by reducing available adsorp-
tion sites through enhanced electrostatic interaction [67]. 
Based on this rationale, only the effect of sulfate on the 
fixation mechanism was considered in the study. However, 
with a dolomite sulfate impurity of about 268 ppm, fluc-
tuations in the influent sulfate concentration during the 
experimental runs were totally masked. Measurements of 

sulfate concentration at 9.4 bed volumes (the first meas-
ured sample) showed significant increase in the concen-
tration of the divalent ion in DW, SGW and TW from 19, 46 
and 58 mg SO4/L to 33, 60 and 66 mg SO4/L, respectively. 
This increase was considered to be due to the washout of 
sulfate initially present in the dolomite as influent passed 
through the dolomite bed. Effluent measurements taken 
at sampling points and at the end of the experimental run 
(56.3 bed volumes) (Fig. 7e) demonstrated decrease in the 
sulfate ion concentration in DW, SGW and TW to end at 
values very close to the original concentration of 23, 46 
and 59 mg/L, suggesting limited fixation of sulfate ions 
compared to the remaining anions. The competing effect 
of the anions present in the influent water is well depicted 
from the phosphate removal efficiencies as presented in 
Fig. 4. Referring to the anionic concentrations present in 
TW (58 mg/L, 214 mg/L and 180 mg/L for SO4

2−, Cl− and 
HCO3

− expressed as CaCO3, respectively) compared to 
SGW (46 mg/L, 40 mg/L and 10 mg/L respectively) and 
DW (20  mg/L, 30  mg/L and 0  mg/L, respectively), the 
results show proportionally reduced removals with higher 
ionic concentrations (TW > SGW > DW) and increase in 
applied phosphate concentrations. It is to be noted that 
the reported studies [56, 57] indicate that out of the cati-
ons in the form of Cl−, NO3

−, NO2
−, SO4

2−, and HCO3
− only 

HCO3
− has shown to possess a competitive adsorption 

potential to phosphate. In addition, it is to be noted that 
this potential is a function of the concentration of the ani-
ons present where the higher the concentration, the more 
effective the competing activity as demonstrated in this 
study.

3.3 � Regeneration of dolomite bed

Three attempts were conducted at determining the most 
effective method to achieve desorption of phosphate from 
the dolomite surface, which included the application of an 

Table 4   Adams–Bohart, Thomas and Yoon–Nelson model parameters

Adams–Bohart Thomas Yoon–Nelson

kAB (L/
mg min) × 10−3

N0 (mg/L) R2 KTH (L/
mg min) x 10−2

q0 (mg/g) R2 KYN (L/
min) x 10−2

T (mg/g) R2

DW
5 mL/min 62.3 8.3 0.59 10.8 11.2 0.84 8.1 42.5 0.94
10 mL/min 80.1 11.3 0.93 13.2 8.8 0.94 6.9 74.5 0.5
Sieve size
> 80 39.7 5.4 0.98 11.5 2.7 0.85 8.6 20.8 0.85
80–100 19.5 7.7 0.78 6.8 1.7 0.79 5.1 12.8 0.79
100–140 21.7 9.1 0.96 5.2 3.2 0.93 3.9 24.5 0.93
140–200 12.8 41.5 0.49 3.7 4.6 0.82 1 3.8 0.44
< 200 8.9 22.5 0.58 1.9 8.0 0.81 1.1 68.0 0.58

Table 5   Absolute error function on the used models

Particle size Thomas (δ) Yoon–Nelson (δ) Bohart–
Adams 
(δ)

< 200 0.059 0.059 0.418
140–200 0.052 0.054 0.234
100–140 0.028 0.04 0.255
80–100 0.058 0.38 0.850
> 80 0.042 0.58 0.820
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acid, distilled water, and a base. The latter method was found 
to produce the best results. This method included the appli-
cation of a NaOH solution diluted to a pH of 10.5. The results 
indicated appreciable elution of the phosphate; however, a 
high volume of the solution was needed to achieve near-
complete desorption. Figure SM1 depicts the three cycles 
of the test which included adsorption, desorption and re-
adsorption. It is to be noted that the test was conducted with 
an influent of a relatively high concentration of phosphate 
(1.87 mg/L) relative to 0.3–0.4 mg/L of phosphate concen-
tration used in the original experimental study, a condition 
which elucidates the relatively fast exhaustion of the bed.

3.4 � Breakthrough curve modeling results

Applying Adams–Bohart model on the reported data, the 
respective values of N0 and kAB were calculated and are 
presented in Table 4. Observed values of kAB increased 
with an increase in flow rate and particle sizes with R2 

ranging from 0.49 to 0.93. These results are in agreement 
with Guibal et al. [68] and Sekhula et al. [69] who stated 
that overall system kinetics may be influenced by external 
mass transfer, particularly in the initial part of adsorption 
in the column. The R2 values for the Thomas model ranged 
from 0.79 to 0.94 indicating good linearity. Thomas model 
depicted the best R2 value among the used models, indi-
cating that this model best describes the breakthrough 
(Table 4). Results indicate that KTH increases with increased 
flow rate and particle size, while q0 decreases with increase 
in flow and increases with the decrease in particle size. 
Yoon–Nelson parameters KYN and τ increased with increase 
in flow rate, and R2 values ranged between 0.44 and 0.94 
(Table 4).

Fig. 8   Experimental versus 
predictive (DW 5 and 10 mL/
min)
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3.5 � Error analysis

R2 values calculated from the models indicate that Thomas 
model best fits the experimental data, closely followed by 
Yoon–Nelson, with Adams–Bohart showing the lowest R2. 
For further confirmation, the formula used by Ghribi and 
Chlendi [70] was applied:

where N is the number of observations, (C/Co)cal is the ratio 
of effluent to influent phosphates concentrations as deter-
mined by applying the three models. (C/Co)exp is the ratio 
of effluent to influent phosphate concentrations obtained 
from experimental data. Table 5 represents the calculated 
error functions for the respective models.

(6)
� =

�

�

�

�

∑

�

C

Co

�

cal
−

�

C

Co

�

exp

N

Predictive vs experimental data for both DW at two 
different flows and various particle sizes are shown in 
Figs. 8 and 9. The deduction reached from comparing the 
models at hand is that the Thomas and Yoon–Nelson best 
describe the experimental curve throughout the plot; 
Bohart and Adams describes only the initial part of the 
curve and tends to deviate from the experimental data at 
later stages. The plots show that the predicted Thomas and 
Yoon–Nelson curves are extremely close to the experimen-
tal data curve and to one another. 

4 � Conclusions

This study aims at determining the optimal conditions 
under which the dolomite will be most effective in 
achieving maximum removal levels. For this purpose, a 
number of physical parameters such as system operation 
mode, adsorbent particle size, rates of flow through the 
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bed (contact time), water quality and initial phosphate 
concentration were investigated. The fixation capacity 
of dolomite was noted to be dependent on the hydrau-
lic conditions at which the system was operated. Higher 
removal efficiencies were attained with lower influent 
feeding flow rates due to longer contact time between 
the adsorbent (dolomite) and the adsorbate (phosphate). 
The effect of dolomite particle size and initial phosphate 
concentrations was determined to be significant factors 
in the performance of the process and hence the efflu-
ent quality produced. Phosphate adsorption followed the 
general pattern of higher percent sorption with smaller 
dolomite size ranges and decreased the initial phosphate 
concentrations. The effect of altering the initial pH of the 
aqueous solution was proved to be a controlling factor in 
the removal of phosphates. At acidic pH levels, monova-
lent H2PO4− and divalent HPO4

2− were present in the aque-
ous phase and were subsequently adsorbed on the dolo-
mite sites; however, an increased adsorption was noted 
at neutral pH levels which was attributed to the abundant 
presence of divalent species HPO4

2− which was thought 
to be adsorbed in preference to competing anions such 
as sulfates, chlorides and bicarbonates. On that note, the 
competing effect of the anions present in the influent 
water was apparent when using TW and SGW exhibiting 
a higher concentration of competing anions than that 
of DW. The results show proportionally reduced remov-
als of phosphates on dolomite columns with higher ionic 
concentrations (TW > SGW > DW) and increase in applied 
phosphate concentrations.

During the course of the study, assessment of the 
physicochemical characteristics of the column effluents 
revealed a significant increase in the pH value of com-
ponents to yield carbonates of calcium and magnesium 
responsible for the high pH levels. On the other hand, only 
a slight pH rise was observed for the TW and STSE influents 
due to their buffering capacity. Releases of Mg2+ and Ca2+ 
ions were observed to coincide with the increase in the 
conductivity and TDS levels of the effluents. The upward 
incline of these parameters is attributed to the dissolution 
of the dolomite bed components upon contact with the 
aqueous influents. Successful regeneration was found to 
occur through the application of NaOH solution diluted to 
a pH of 10.5. Modeling was carried out to further explain 
the behavior of phosphates upon exposure to the dolo-
mite bed; as a result, both Thomas and Yoon–Nelson mod-
els agreed with the experimental data. The Bohart–Adams 
model deviated from the experimental data with time. 
Error analysis showed the Thomas model to be the most 
descriptive of the column runs, and the absolute error 
analysis indicated that Thomas model produced the most 
accurate predictive results.

Finally, it is to be noted that when raw dolomite, which 
offers a low cost, naturally and widely available material, 
is to be used as an adsorbent for phosphate removal from 
aqueous solutions using column applications; the optimal 
process should incorporate a fluidized bed with milli-sized 
particles operating under neutral pH and relatively low 
flows.
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