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Materials and Methods

Preparation of hydrous ferric oxide (HFO)

Hydrous ferric oxide was prepared following a procedure of Freese et al., 1995.! In a typical
synthesis 200 g of ferric nitrate nonahydrate were dissolved in 2 L of deionized water, and 1 M
NaOH was added drop wise until a pH of 7 to 8 was obtained. The suspension was centrifuged,
decanted, and re-suspended in deionized water. This procedure was repeated at least two times.
Finally, the HFO was re-suspended in deionized water to obtain a volume of 4 L and adjusted to
the desired pH with 0.5 M HC1. The HFO suspension was prepared fresh after sometime to
avoid crystallization of hematite and goethite, which would make the oxide more difficult to

dissolve in acid.
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Assessment of possible leakage of sorbents through the dialysis membranes

Both qualitative and quantitative tests were run to evaluate the potential leakage of the
nanosorbentsthrough the dialysis membrane tubes. The aqueous suspension of CPS and APS was
designated as HFAO and HAFAO respectively. Accordingly, the qualitative test for possible
leakage of iron was found to be negative for all the sorbents employed viz., HFAO, HAFAO and
HFO. However, the quantitative test by AAS indicated the presence of trace amount of Fe in the
external solution only for the amorphous binary oxide system (HAFAO) due to leakage to the
external solution after 24 h. This may be attributed to its smaller size.?Assuming negligible
leakage of the amorphous binary sorbent, we employed all the three sorbents for the subsequent

sorption-desorption experiments.

Table S1: Selected physical and chemical properties of Gununo and Bishoftu soilsSoil
samples sites

Gununo Bishoftu
Parameters
pH (KCI) 3.52 6.8
Bray I P (mg/kg) 3 17
Total P (mg/kg) 228.0 468.0
OC (%) 1.9 14
*Exchangeable Al (cmol/kg) 7 0.01
Fe x(%) 0.128 0.131
Al (%) 0.13 0.11
Fe pcg (%) 0.52 0.59
Al pcg (%) 0.02 0.01
% clay 28 15
% silt 16 16
% sand 56 69

sandy
Textural class clay loam sandy loam

DCB: dithionite- citrate-bicarbonate- extractable; O,: oxalate extractable.



Figure S1. SEM micrographs of amorphous (APS) and crystalline (CPS) Fe-Al binary composite
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Figure S2: Cumulative P extracted by DMT-sorbent system from 10 ppm P solution. Vertical
bars represent error



Table S2. BET specific surface area (m?/g) of CPS, APS and APS-Fe

Sample SBET Shicro Sext V por(BIH) Pore volume
(cc/g)
CPS 48.7242 0.6884 48.0357 0.013580 0.002404
APS 11.3516 0.4761 10.8755 0.002905 0.005182
APS-Fe 17.1159 0.3442 16.7717 0.004550 0.007907
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Freundlich model
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Figure S3: Langmuir and Freundlichmodels fitted to experimental data generated by DMT-HFO,
DMT HFAO and DMT-HAFAO

Kinetic Models

The sorption data were also analyzed using the following kinetics models in linear (a-d) and non-

linear form (e).

a. First order rate law,

In C; = InC,-kt (S1)



where c;the solution concentration at time t, Cy the concentration at the start of the experiment, ¢

the reaction time, and % the first-order rate constant of the DMT.

b. Pseudo-first order,

qe—qt

(
In 9t y=-Kt (S2)

where . and q; are adsorption capacity (mg/g) at equilibrium and at any time t and k; pseudo

first order rate constant (h'!)

c. Pseudo second order,

t 1 t

S i3
Qo= "29e* +9e(S3)

where q; and g, have the same meaning as above and k; (g/mg. h) rate constant for Pseudo-

second order.

d. Modified Elovich model,

Xs=as+bilnt (S4)

X, 1s the amount of sorbate at time t, a; is the intercept which depends on the type of sorbent and
independent of sorbate and b the slope which is the function of sorbent and sorbate and may be

considered as the rate constant.>

e. Intra-particle diffusion model

Q=K 105+C (S5)



where q; is the adsorption capacity (milligrams of P per gram of the adsorbent at time t ) and K,
is the intra-particle diffusion rate constant and C is a constant gained from the intercept of plot of

q. against t .

C

C

Te-q, t

For equations 3-7 In~¢ , In q ) and q against time t ; X against Int and q; against

t%-Swere plotted.
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Pseudo first order model
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Figure S4: Kinetic models models fitted to experimental data generated by DMT-HFO, DMT
HFAO and DMT-HAFAO

The coefficient of determination, and related parameters (Table S3, Figure S3) revealed the
fitness in the following order: DMT-HFAO: First order~ pseudo first order >Elovich> Pseudo
second order; DMT-HAFAO: pseudo first order (50, 100 ppm) > pseudo second order>Elovich>
first order; DMT-HFO: pseudo first order > first order>Elovich> pseudo second order. The high
applicability of pseudo first order and Elovich of present kinetic data to the new mode of
application in this study is in agreement with previous studies of sorption of phosphates on

synthesized sorbents.!4>

First order and second order models

As shown in Table S3 and Figure S3, the coefficient of determination (R?) indicated that the first
order model was most suitable in describing the kinetic data for DMT-HFAO and DMT-HFO
than DMT-HAFAO. The value of first order rate constant, k,for DMT-HAFAO was higher than

the value of DMT-HFAO and DMT-HFO perhaps due to leakage of HAFAO through membrane



Table S3: DMT-sorbent data fitness to kinetic models and related parameters

Kinetics Models

First order Pseudo first order
R? k(h) R? ki(h?) de(mg/g)
DMT-HFAO 0.983-0.998 0.046+0.01 0.982-0.993 0.027-0.031 6.89-37.85

DMT-HAFAO 0.951-0.977 0.068+0.03 0.892-0.999 0.052-0.112  2.2-13

DMT-HFO 0.987-0.994 0.028+0.02 0.954-0.998 0.027-0.045 1.59-8.87
Pseudo second order Elovich
R? k; Qe ho R? b(mg/g.h) a;(mg/g)
(g/mg.h) (mg/g) mg/g.h

DMT-HFAO 0.768-0.857 0.0091-0.002 7.1-40 0.57-3.2 0.932-0.989 162 9.7

DMT-HAFAO 0.772-0.999 0.32-0.008 3-11.5 0.47-6.7 0.205-0.457 -

DMT-HFO 0.286-0.874 0.01 1.94-9 0.81 0.929-0.984 0.91

7.2

Intra-particle diffusion model

DMT-sorbent-ppm P R? Kp

DMT-HFAO-10 0.996 0.115
DMT-HFAO-30 0.973 1.439
DMT-HFAO-50 0.981 1.614
DMT-HFAO-100 0.964 3.238
DMT-HFO-10 0.986 0.063
DMT-HFO-30 0.971 0.165
DMT-HFO-50 0.960 0.403
DMT-HFO-100 0.995 0.660
DMT-HAFAO-10 0.534 0.337
DMT-HAFAO-30 0.533 0.392
DMT-HAFAO-50 0.987 0.112
DMT-HAFAO-100 0.999 0.382
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and hence low diffusion resistance.'The k value for our system, DMT-HFAO, was higher
(0.046+0.01 h'!) than k value of the reference HFO-DMT (k =0.028+0.01h-"), which could be
attributed tovariation in the sorption capacities of the sorbents. This is consonant with the
parameter ‘b’ considered in Elovichkinetic model which revealed higher b value for DMT-
HFAO than DMT-HFO (Table S3). The sorption data also fitted very well to pseudo first order
model for DMT-HFAO as evidenced by higher coefficient of determination (Table S3). The rate
constant for pseudo first order (k;) was higher in DMT-HAFAOand DMT-HFO than DMT-
HFAO. The possible leakage noted in the case of HAFAO might have resulted to some of the
active sorbent adhered on the external surface of the DMT creating a direct contact with the P

from soil solution.

As the coefficient of determination indicates (Table S3), pseudo second order model generally
fits fairly well the binary systems. In sharp contrast, very poor correlation was exhibited by the
single reference system in particular at lower phosphate concentration. The rate constant for
pseudo second order (k;) exhibited higher values in DMT-HAFAO and DMT-HFO than DMT-
HFAO. The initial rate for pseudo second order, h,, increased with increasing initial
concentration, while pseudo second order rate constant k, decreased, which could be due to site
saturation. Tofikeral.(2016)°reported that the kinetic data fitted better to pseudo second order
than pseudo first order by direct contact of nano-sized Al-Fe mixed oxide with initial
concentration of 20 ppm phosphate solution. Same authors found pseudo second order rate
constant, k, and equilibrium adsorption capacity, q. to be 0.36 g/mg.h and 5.025 mg/g
respectively. Their report is closer to our report for the amorphous sorbent, which are 0.31

g/mg.h and 4.6 mg/g for 30 ppm P solution. The slight difference may be due to concentration
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difference and amorphous nature of the sorbent. Thus the potential of DMT-HAFAO to adsorb
phosphate still sounds good in spite of its leakage through dialysis membrane, making it a
potential candidate in different mode of application provided that the leakage is managed.
However, the report for nano-sized Fe-Al mixed oxide sorbent is not consistent (Tofiket al.,
2016)°with our report of the same sorbent. The reason for this inconsistency is due to mode of
application of the sorbents in dialysis membrane tube, which in our case slows down the sorption

process.’

Elovich and Intra-particle diffusion Models

The data generated by DMT-HFAOand DMT-HFO fitted very well to Elovich model, where
asdata obtained from DMT-HAFAO fitted poorly (Table S3). The model revealed higher a (9.7
mg/g) and b (1.62 mg/g.h) values for DMT-HAFO than DMT-HFO. This indicated
chemisorption on the sorbent HAFObeing more dominant than HFO.Ruan and Gilkes (1996)3
reported a, values in the range 6.92-15.46 mg/g and b values varying from 0.74 to 2.05 mg/g.h
for 0% and 30% alumina composited goethite treated at different temperatures for the

concentration of 20 and 40 ppm of phosphate solution.

Data fitness to intra-particle diffusion model is summarized in Table S3for the range of
concentrations studied and the results obtained exhibits the following order: DMT-HFAO (R*=
0.964-0.996)> DMT-HFO (R?=0.960-0.995) > DMT-HAFAO (R?=0.534-0.999). The plot of g,
versus t'2 (Figure S3a) for DMT-HFAO illustrates bilinear trends revealing the presence of two
or more pathways in the sorption process.*3The bilinear trend reveals two or more involved
mechanisms. The first linear portion was a fast stage. This could be due to the relatively quick

transfer of phosphate anions from bulk phase to particle surface as the adsorption was conducted
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in a well-agitated system. This is followed by intra-particle diffusion in macro, meso and micro
pores. The slope of the second portion represents the rate constant corresponding to intra-particle
diffusion.>!°The intra-particle diffusion rate constant, k, was higher for DMT-HFAO than DMT-
HFO and increased with increasing initial phosphate concentrations in both cases. Contrary to
this trend, DMT-HAFAO showed no consistent increase due to leakage of HAFAO through
membrane. The kinetic data did not also fit the intra-particle model for 10 and 30 ppm phosphate
solution. The rate of phosphate transfer in the first linear portion was quicker for 50 and 100 ppm

concentrations and resulted in lower intra-particle diffusion (Figure S4).
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Figure S5: Sorption kinetics of DMT-HFAO fitting to intra-particle model for the studied range

of concentrations

It is, therefore, justifiable to further investigate the potential of amorphous sorbent, Fe-Al mixed

oxide, by devising a mechanism to suppress the leakage since its sorption capacity for phosphate
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in dialysis membrane has been good.!'The higher rate constant indicated that intra-particle
diffusion is more dominant in the case of DMT-HFAO. In fact, intra-particle diffusion model

provides a more comprehensive view of sorption as a series of distinct steps.!?

Table S4: DMT-sorbent-soil data fitness to intra-particle diffusion model and diffusion rate for

Gununo and Bishoftu soils

Intra-particle diffusion model

Gununo Bishoftu
R?>  kp (mg/g.h%) R? kp (mg/g.h%3)
DMT-HFAO  0.980 7.31 0.992 11.98
DMT-HAFAO 0.781 1.45 0.806 3.89
DMT-HFO 0.986 1.40 0.992 2.98

Table S4 shows the coefficients of determination and rate constant values for the three DMT-
sorbent-systems based on intra-particle diffusion model. For both Bishoftu and Gununo soils, the
intra-particle diffusion rate constant, k, was higher for DMT-HFAO than DMT-HAFAO and
DMT-HFO because of its higher sorption capacity. This indicated higher pore diffusion
possibility when sorption is high and this finding is consonant with report by Biswas et al.
(2007)!3. For Bishoftu soil,k, was higher for DMT-HAFAO than DMT-HFO in spite of the fact
that it fittedthe linear portion less (R?=0.806). This is supposed to be due to sorption of P by
DMT-HAFAO from rapidly desorbable pool of Bishoftu soil that avails more P in soil solution
(Figure 5a). In this case, the effect of leaked HAFAO is less pronounced as P in solution is
relatively high for such soil with low P fixing capacity. However, DMT-HFAO-BI has higher kp
may be due to surface modification (Ochwohet al., 2015)"“compared to DMT-HAFAO-Bi, it

desorbed more P from rapid and slow pools. The fact that k, for DMT-HFAO-Gn was lower than
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DMT-HFAO-Bi (Table S4) reflects more P was sorbed in the intra-particle diffusion mode
which can be from labile and slow labile P pool of Bishoftu soil. This is in agreement with the

cumulative amounts of P desorbed from Gununo and Bishoftu soils (figure S9b).

The sorption data generated from DMT-HAFAO-Bi (R>= 0.869) and DMT-HAFAO-Gn (R?>=
0.864) fit to first order kinetics model well (Figure S9c). The corresponding rate constants for
pool A of these soils were 0.01917 h-' and 0.01604 h'' for Bishoftu and Gununo soils
respectively. This again indicated that the effect of HAFAO leakage through membrane is more
pronounced when P releasing ability of the soil is low in the case of Gununo site soil. The trend
shown by DMT-HAFAO observed in the case of pure phosphate solution was also observed in
the case of soil extracts. As one could discern from Figure 6, in the intervals of 24-48 h, DMT-
HAFAO-Gn and DMT-HAFAO-Bi extracted less amount of P due to leakage of the sorbent
material. The decreased amount of P in aqueous solution retarded it to satisfy sorption of P on
HAFAO inside the membrane. This resulted in quantitative loss of P that might have been
detected if it had been adsorbed internally. Even for the intervals between 72-96 h of extraction,
the change in cumulative P sorption on DMT-HAFAO was gradual for both Bishoftu (pH=6.8)
and Gununo (pH=3.52) soils. This prevented HAFAO in this study to be a potential P scavenger
inside membrane tube (2.5-5 nm) for P extraction. Despite this fact, HAFAO could be a
promising potential candidate when used in membranes with pore size < 2.5 nm provided that the

entrance of phosphate ions via such small pores is not affected.>!3
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Figure S6: The natural logarithm of phosphate release from Gununo and Bishoftu soil.

Table S5: Quantitative test data for CPS and APS leakage through DMT.

(Control =deionized H2O+H2S04)

Absorbance
Time (h) Control CPS (HFAO)
12 0.000 0.001
16 0.000 0.000
20 0.000 0.000
24 0.000 -0.006

APS
(HAFAO)
0.003
0.005
0.008
0.01

16

mg/L
CPS (HFAO) APS
(HAFAO)
0.023 0.078
0.000 0.130
0.000 0.208
0.000 0.260
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